Clemson University

TigerPrints
All Dissertations

Dissertations

5-2007

Hydrothermal Crystal Growth of Oxides for
Optical Applications
Colin Mcmillen
Clemson University, cdmcmil@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_dissertations
Part of the Inorganic Chemistry Commons
Recommended Citation
Mcmillen, Colin, "Hydrothermal Crystal Growth of Oxides for Optical Applications" (2007). All Dissertations. 56.
https://tigerprints.clemson.edu/all_dissertations/56

This Dissertation is brought to you for free and open access by the Dissertations at TigerPrints. It has been accepted for inclusion in All Dissertations by
an authorized administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.

HYDROTHERMAL CRYSTAL GROWTH OF OXIDES
FOR OPTICAL APPLICATIONS

A Dissertation
Presented to
the Graduate School of
Clemson University

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy
Chemistry

by
Colin David McMillen
May 2007

Accepted by:
Dr. Joseph W. Kolis, Committee Chair
Dr. Shiou-Jyh Hwu
Dr. William Pennington
Dr. Richard Warner

ABSTRACT
The manipulation of light has proven to be an integral part of today’s
technology-based society.

In particular, there is great interest in obtaining

coherent radiation in all regions of the optical spectrum to advance technology in
military, medical, industrial, scientific and consumer fields.

Exploring new

crystal growth techniques as well as the growth of new optical materials is critical
in the advancement of solid state optics.

Surprisingly, the academic world

devotes little attention to the growth of large crystals. This shortcoming has left
gaps in the optical spectrum inaccessible by solid state devices.
This dissertation explores the hydrothermal crystal growth of materials
that could fill two such gaps.

The first gap exists in the deep-UV region,

particularly below 200 nm. Some materials such as LiB3O5 and β-BaB2O4 can
generate coherent light at wavelengths as low as 205 nm. The growth of these
materials was explored to investigate the feasibility of the hydrothermal method
as a new technique for growing these crystals. Particular attention was paid to the
descriptive chemistry surrounding these systems, and several novel structures
were elucidated. The study was also extended to the growth of materials that
could be used for the generation of coherent light as low as 155 nm. Novel
synthetic schemes for Sr2Be2B2O7 and KBe2BO3F2 were developed and the
growth of large crystals was explored. An extensive study of the structures,

properties and crystal growth of related compounds, RbBe2BO3F2 and
CsBe2BO3F2, was also undertaken. Optimization of a number of parameters
within this family of compounds led to the hydrothermal growth of large, high
quality single crystal at rates suitable for large-scale growth.
The second gap in technology is in the area of high average power solid
state lasers emitting in the 1 μm and eye-safe (>1.5 μm) regions. A hydrothermal
technique was developed to grow high quality crystals of Sc2O3 and Sc2O3 doped
with suitable lanthanide activator ions. Preliminary spectroscopic studies were
performed and large crystals were again grown at rates suitable for commercial
production.

The synthesis of ultra-high purity Ln2O3 (Ln = Sc, Y, La-Lu)

nanoparticles was also explored to advance the development of ceramic-based
solid state lasers.
Crystal growth is a complex task involving a great number of intricacies
that must be understood and balanced. This dissertation has advanced the art and
science of growing crystals, and documented the development of large, high
quality crystals of advanced optical materials The materials and hydrothermal
crystal growth techniques developed over the course of this work represent
important progress toward controlling the optical spectrum.
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CHAPTER ONE
INTRODUCTION

Crystal Growth as Chemistry and Art
The fields of chemistry, geology, physics and engineering all share an
interest in crystal growth. For example, the geologist may study large, wellformed crystals and minerals to learn about the environments and processes that
led to their formation. The physicist may take large, high quality crystals and
study their unique spectroscopic properties. An engineer may design devices that
can take advantage of useful properties possessed by large single crystals. While
none of these fields are by any means as narrow in scope as these simple
examples depict, the question arises: where do these large, well-formed, high
quality single crystals come from? The field of crystal growth draws from a
number of disciplines, but chemistry focuses on three primary areas that make it
invaluable in the growth of crystals. The responsibility, therefore, lies with the
chemist whose skill set includes creating novel materials, understanding structureproperty relationships and developing new synthetic and processing schemes to
provide the world with large single crystals to study and use.
Growing a near-perfect crystal of a well designed material requires an
understanding of a number of parameters including elemental interactions, bond
strengths, symmetry arguments, thermal conditions, kinetics, solvent properties,
solubility, pressure, and atmospheric conditions. Altering one of these parameters

often causes several others to change and it can be unclear (even to the advanced
scientist) which parameters are actually influencing the formation or growth of a
crystal. Because there are so many parameters to simultaneously balance and
manipulate, a purely scientific approach to crystal growth is not sufficient, and a
certain amount of artistic skill is required. Just like a composer who chooses the
perfect combination of musical notes, it is almost inexplicable how an
experienced crystal grower can sift through all of the possible manipulations of a
system to grow the best possible crystal. The value of intuition that comes with
experience simply cannot be overemphasized when it comes to crystal growth.
The following chapters are a testament to how chemistry and artistic skill can be
combined to grow large single crystals of materials with great technological
potential.

Crystal Growth and Technological Advancement
Crystal growth has consistently been a key aspect in some of the most
important technological advances of the past 75 years. It is debatable whether
crystal growth drives technological development or is driven by it. The argument
that technology drives the development of crystal growth techniques is supported
by the growth of α-quartz. Natural quartz crystals were well-known to have
piezoelectric properties that found use in sensor, timing and SONAR applications.
Because of limitations in the availability of natural quartz (particularly during
WWII), crystal growth techniques had to be developed to meet the needs of an
already established technology.1 Today, α-quartz grown by the hydrothermal
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method still remains the most widely used piezoelectric material. The flip side of
this argument is exemplified by the development of the first solid state laser.
Crystal growth technology was already in place that permitted the growth of large
crystals of synthetic ruby (Cr:Al2O3). The synthesis of rubies had been known for
over 50 years and the growth of large boules was routine by the 1950s.2 The
visible stimulated emission and lasing properties were later realized by Maiman in
1960.3

Here, the crystals generated an interest in exploring solid-state laser

technology.
In most cases, the connection between crystal growth and advances in
technology can not be broken down into a simple cause and effect relationship.
Prior to the 1950s, single crystalline Ge was the material of choice for
semiconductor and electronics applications. While the principles of the devices
were already in place, a need for better performance caused crystal growers to
develop methods to grow single crystals of Si. Subsequently, improvements in
crystal growth techniques produced larger, higher quality Si crystals that truly
revolutionized the electronics industry.4 This hybrid cause and effect relationship
can be the most beneficial for crystal growers because it encourages the
development of versatile crystal growth techniques that not only address the
present demands of technology, but are equipped to contribute to its advancement.
This versatility generally involves tailoring the properties of materials by doping,
morphology control and growth rate control or synthesizing completely different
materials with unique or improved properties.
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In the years following Maiman’s work with Cr:Al2O3, the Czochralski
growth method demonstrated this sort of versatility with a number of rapid
contributions that revolutionized solid-state laser technology. Crystal growers
quickly learned to grow large crystals of new host materials, most notably
Y3Al5O12, yttrium aluminum garnet, (YAG). The crystal growth of YAG (and
analogous compounds such as Y3Ga5O12 and Gd3Ga5O12) was an important
breakthrough in laser technology because it permitted Nd3+ substitution, which
was shown to have very good lasing properties.5 Small changes in the crystal
growth process of YAG were then developed to include other lanthanides such as
trivalent Yb, Er, Ho and Tm, greatly expanding the number of accessible
wavelengths.6 Other advances in crystal growth produced materials that offered
improvements in some specific properties over Nd:YAG. These included fluoride
laser crystals such as Nd:YLiF4 that greatly reduce the effects of thermal lensing
and vanadate crystals like Nd:YVO4 that demonstrate better absorption
efficiency.7, 8 These simple examples show how advances in crystal growth have
provided the rare earth solid-state laser community with a wide range of materials
each with different strongsuits.

Current Interests in Crystal Growth and Solid-State Lasers
While Czochralski growth proved to be a versatile crystal growth
technique with regard to these materials, traditional melt techniques have not
successfully addressed all of the current interests in solid-state laser technology.
This dissertation offers a new hydrothermal approach to the crystal growth of
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materials suitable for use in the areas of deep-UV solid-state lasers and highpowered rare earth solid-state lasers.

Some general considerations regarding

crystals for these applications will now be discussed.
Frequency conversion processes, or non linear optical (NLO) effects, have
been shown to be incredibly useful in solid-state laser technology by generating
coherent light at wavelengths where there is no direct laser emission.9 A classical
NLO effect is second harmonic generation (SHG) where, upon interaction with a
NLO active crystal, a portion of the output light is emitted at twice the frequency
(half the wavelength) of the incident light. This has been put into practice to
generate coherent 532 nm light by the interaction of the 1064 nm emission of
Nd:YAG with a KTiOPO4 (KTP) crystal.10 Using this principle, solid-state lasers
can be designed to emit coherent radiation in the deep-UV region (<300 nm),
provided there is a medium for interaction (NLO crystal) having suitable
transparency. This is a formidable challenge, as NLO crystals are themselves
rare, let alone NLO crystals with band gaps in excess of 4 eV.
Before discussing candidate materials for this task of deep-UV SHG it is
helpful to understand the nature of SHG. When light interacts with a medium the
electromagnetic field takes on a specific orientation, or polarization, P. This
overall polarization (equation 1.1) is actually the sum of several components
including the incident light as well as different harmonic frequencies that are
generated by interaction with the medium.

The intensity of each of these

components depends on the electric field (E) and the susceptibility (χ) for that
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particular harmonic frequency such that the overall polarization can be rewritten
as the power series in equation 1.2, where ε0 is the permittivity of free space.

P = Σ Pincident + P2nd harmonic + P3rd harmonic + …

(1.1)

P = ε0 Σ χ (1)E + χ (2)E2 + χ (3)E3 + …

(1.2)

The susceptibility is governed by properties of the medium of interaction,
in this case, a crystal. Like other interesting properties such as piezoelectricity,
pyroelectricity, ferroelectricty and optical activity, second harmonic generation is
imparted by the absence of a center of symmetry in the crystal structure of a
material.11

The reader is referenced to a particularly useful review by

Halasyamani and Poeppelmeier regarding acentric space groups that exhibit these
effects.12 This lack of inversion symmetry is the most important requirement for
SHG since it defines the second order NLO susceptibility, χ(2), as a nonzero term
(for centrosymmetric materials, χ(n) = 0 for all terms where n is even). The
magnitude of the susceptibility is determined by detailed structural features and
the direction with which the light interacts with these NLO active features (the
orientation of the crystal). Second harmonic generation is less than 50% efficient
and in most cases occurs at efficiencies less than 30%.13 Higher order NLO
effects occur with even lower efficiencies. Because of this, the third harmonic is
typically generated by the more efficient process of sum frequency mixing of the
second harmonic with the fundamental frequency.14 Likewise, generation of the
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fourth harmonic is more efficiently achieved by two consecutive SHG events
rather than direct fourth harmonic generation, and so forth.
There are a number of other desirable properties for a NLO crystal besides
a high NLO susceptibility that affect its ability to be used in deep-UV solid-state
lasers. These include a high optical damage threshold, thermal stability, moderate
birefringence (for phase matching) and mechanical hardness in addition to the
aforementioned wide band gap.15 Borates offer a good combination of these
properties. A very intriguing trend among borates is their propensity to crystallize
in acentric space groups. Borate-based structures are more than twice as likely
(36%) to lack a center of symmetry than those structures that do not contain
borate building blocks (15%).14 They also tend to have exceptional thermal
stability and good mechanical hardness resulting from covalent B-O bonds. A
number of anionic borate groups, in particular the planar [BO3]3- and [B3O6]3units, have been shown to lead to high NLO susceptibilities in the bulk crystals.16
While the observed NLO responses for materials containing these groups are not
as high as those of materials containing highly polarized, highly distorted MO6
octahedra (KTP, for example), the borates offer much wider band gaps affording
transparency and NLO functionality well beyond the cutoff of KTP.
The current materials of choice for deep-UV solid state lasers are in fact
the borate-based crystals β-BaB2O4 (BBO) and LiB3O5 (LBO).

Other

commercially available borates such as CsLiB6O10 (CLBO) and CsB3O5 (CBO)
have good NLO properties, but are highly prone to laser-induced damage and
hygroscopic degradation.17 In spite of their place as the state of the art, BBO and
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LBO suffer from some performance limitations resulting from their high
temperature growth that are discussed specifically in later chapters. While there
is definite interest in growing these crystals at lower temperatures, of greater
interest is expanding solid-state lasers to wavelengths beyond those accessible by
BBO and LBO. BBO has only demonstrated SHG of any appreciable intensity
for wavelengths above 205 nm, while LBO has a SHG cutoff of 277 nm.17,
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Below 200 nm is where functional materials are severely lacking and crystal
growers can make a significant contribution to advancing deep-UV solid-state
laser technology.
Opportunities for advancement are also available for laser host materials
in the infrared region of the spectrum. This may come as a surprise since YAG
and YVO4 have been so deeply entrenched as superior hosts for rare earth lasing
ions. In recent years there has been great interest in developing high average
power lasers for a variety of strategic applications. There is currently no solidstate laser capable of consistently achieving the desired power output of 1-100
kW at the most desirable wavelengths of 1 μm and >1.5 μm (eye-safe region).
Chemical and gas lasers are not ideal for military use, as they are very large, have
very limited emissions and produce an exhaust gas that must be managed. The
chemical oxygen iodine laser (COIL) is particularly undesirable since it involves
the reaction of chlorine gas with hydrogen peroxide to produce excited state
oxygen. Nevertheless, these lasers have demonstrated the desired power output
where so far, solid-state lasers have fallen short. With their compact design,
broad range of emission wavelengths and simple diode pumping, rare earth solid-
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state lasers would be ideal for use in the field if the power output could be
increased.
The reason for this shortcoming at very high powers is a matter of thermal
management. To obtain kW-level outputs, a solid-state laser crystal must be
pumped with a number of diodes, resulting in a large number of nonradiative
transitions that cause the crystal to heat up dramatically. Because of the sheer
number of transitions involved in achieving high average power output, this heat
is significant, causing thermal lensing effects and ultimately damaging the crystal.
To date, most studies have involved YAG crystals and it is clear that materials
with greater thermal conductivities than that of YAG (10 W/mK) will be
required.19 Reports of high average power lasers based on Y2O3, Sc2O3 and
Lu2O3 have been very promising, but these materials are exceedingly difficult to
grow as high quality single crystals.20 Again, fresh perspectives on the crystal
growth of these refractory materials are necessary.

Traditional Crystal Growth Techniques
Although they have not been used to grow crystals suitable for sub-200
nm and high average power solid state lasers, melt-based crystal growth
techniques are the most widely used in the growth of single crystalline optical
materials. The most common commercial melt techniques are the Czochralski,
flux and top seeded solution growth (TSSG) methods. It should be noted here
that although flux growth is technically a solution-based technique, it is classified
as a melt-based technique in the context of this dissertation to differentiate it from
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the aqueous nature of the hydrothermal solution-based technique. Each of these
melt-based techniques has their own inherent advantages and disadvantages
discussed in this section. How these strengths and weaknesses translate to the
growth of borates and lanthanide oxides is discussed specifically in the
appropriate chapters.
Czochralski crystal growth was pioneered by its namesake, Jan
Czochralski, who developed the technique to study the growth rates of crystals of
pure metals.21 Bell Labs and General Electric would later use this technique to
grow large boules of Ge and Si for electronic applications.22,
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This work

popularized the technique, which has become the method of choice for the growth
of many optical materials including YAG and YLiF4 as well as the oxoborates
GdCa4(BO3)3O and YCa4(BO3)3O used as self frequency doubling laser hosts.24-27
In this technique, crystals are pulled from a stoichiometric melt using a rotating
seed wire. The wire is typically made of an inert metal such as platinum, and the
melt is contained in a crucible that resists corrosion and is stable at very high
temperatures, most commonly iridium.

Crystallization occurs as the wire is

slowly pulled out of the melt. Rotation of the crucible and the growing crystal
help to maintain uniformity of melt.
This method is attractive because large boules can be routinely grown in a
matter of days. Growth rates are typically over 2 cm/day. Growth is very
straightforward; since the temperature is determined by the melting point of the
crystal being grown, the only variables are rotation rate and pulling rate. There
are some disadvantages of Czochralski growth. First, it is only feasible for
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congruently melting compounds.

Also, the crucible is typically made from

platinum or iridium. Thus it is extremely expensive and must be replaced every
10-15 growth cycles.28 This is a major consideration since the diameter of the
boules are limited by the size (and therefore, expense) of the crucible. A third
issue with growth directly from a melt is that a very large temperature gradient is
naturally established at the crystal-melt interface. This gradient leads to thermal
strain and can lead to crystal cracking during growth.

Finally, since high

temperatures are reducing conditions, compounds containing elements with
multiple oxidation states (such as vanadates or titanium-containing materials) tend
to show signs of reduction. Nevertheless, Czochralski growth is a proven, well
understood technique, and the fast growth rates make it a very popular growth
technique for optical materials.
Flux (molten solvent) growth is a useful alternative to the Czochralski
technique where the composition of the melt is not the same as that of the crystal
being grown. This permits the growth of compounds that melt incongruently,
provided the right melt composition can be ascertained. The flux itself can also
be a chemical constituent of the crystal being grown. The use of a molten solvent
also effectively lowers the melting point of the material being crystallized,
permitting flux growth to occur at lower temperatures than growth from a
stoichiometric melt. There are any number of compounds that can be suitable
fluxes, but the most common are borates, halides, vanadates and molybdates.
These compounds are attractive because they melt at relatively low temperatures
and can be easily separated from the crystals after growth is complete. The
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components of the flux are typically contained in an inert platinum crucible that is
heated past the melting point of the fluxing agent. Crystal growth occurs by slow
cooling, resulting in precipitation from the molten solvent. Once the flux has
completely solidified, growth is complete and the crucible is cooled to room
temperature. The remaining flux is then dissolved using hot water or nitric acid,
leaving behind the grown crystals.
There are several drawbacks to the flux method.

Use of these

multicomponent melts requires an extensive knowledge of the phase diagrams of
the melts, which may be unknown or poorly documented for a particular system.
Flux methods also tend to lead to significant spontaneous nucleation, and
directing growth on a seed crystal rather than the coolest portions of the crucible
can be difficult.

Flux inclusions in the finished crystals are also typical.

Difficulties can also arise from specific fluxes as well. Borate melts tend to be
very viscous and often do not permit all the components of the melt to diffuse
evenly throughout the melt, leading to poor growth. Highly concentrated borate
fluxes also have a tendency to form glasses, rather than crystals, upon cooling.
Vanadate fluxes can also be problematic, as they are very volatile, corroding the
thermocouple and penetrating the insulation of the ovens containing the reaction.
Finally, because growth occurs by precipitation from a molten solvent, growth
rates are much slower compared to the Czochralski method. Even so, the flux
growth of emeralds is well documented, as well as the NLO material KBe2BO3F2
(KBBF) discussed in detail in chapter six.29, 30
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The top seeded solution growth method was developed as a logical
combination of the flux and Czochralski techniques. Here, crystals are grown
from a nonstoichiometric solution by slowly pulling a seed crystal out of the melt.
Crystals grown by TSSG can typically be grown at rates equal to those grown by
the Czochralski method. However, this pulled growth can be expanded to include
incongruent melters because of the solution nature of the melt. TSSG also occurs
at temperatures more resembling flux growth than Czochralski growth, allowing
the less expensive (compared to Ir) Pt crucibles to be used. Large crystals of
BBO, LBO and CLBO have been grown using TSSG.31-33

Just as TSSG

combines the best of the flux and Czochralski methods, the disadvantages of these
techniques are also shared. Most often, crystal quality is compromised by the
high temperature gradient imposed on the growing crystal at the seed-melt
interface.
Crystal growth from a melt is by no means limited to these three
techniques. The Verneuil flame fusion technique is routinely used to produce
boules of synthetic ruby and sapphire.2 Zirconia, cubic zirconia and ZnO can all
be grown using the skull melting technique.34 Piezoelectic Li2B4O7 can be grown
as very large crystals using the Bridgman method.35 A number of other highly
specialized techniques are also in practice. While these methods are useful, their
specialized nature has prevented them from obtaining the widespread appeal
enjoyed by the Czochralski, flux and TSSG methods.
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Hydrothermal Crystal Growth
The hydrothermal method is a low temperature solution growth alternative
to these high temperature methods. Specifically, crystals are grown in a closed
vessel from an aqueous solution at or above the boiling point of water. This
aqueous solvent is both the growth medium and a pressure transmitting medium.
The growth of large crystals generally occurs well beyond the boiling point, and
in the case of the present work, beyond the critical point of water (374 °C, 3204
psi).

This supercritical regime is attractive because supercritical water has

excellent dissolving and diffusion properties, both key steps in the crystal growth
process.36 The solvent may also contain mineralizers such as hydroxide, fluoride,
chloride or carbonate ions that assist in dissolution of the starting materials.
These mineralizer ions can also be incorporated into the structure of the growing
crystals. Crystal growth is performed in an autoclave, which is a vessel capable
of containing high pressures at high temperatures. In most cases, the corrosive
nature of the mineralizer precludes growth directly in the autoclave, and an inert
metal liner is used to contain the reaction within the autoclave. These liners can
either be fixed against the walls of the autoclave, or can be floating sealed
ampoules whose pressure is balanced externally by water or gas that occupies the
remaining volume of the autoclave. Modern hydrothermal technology affords safe
containment of pressures in excess of 120 kspi at 800 °C, permitting a number of
different reaction conditions to be explored.
Crystal growth occurs by means of a solubility differential within the
reaction vessel. There are two ways this solubility differential can be imposed.
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One way is by slow cooling, where, assuming there is a positive dependence of
solubility on temperature, a slow reduction in temperature causes crystals to
precipitate from the solvent. The most common means of inducing crystallization
is through the temperature gradient method. Discussion here is limited to a very
brief overview, as this method is revisited in greater detail in chapter two. In the
temperature gradient method, one portion of the autoclave is held at a lower
temperature than another portion of the vessel. The solvent in the hot zone of the
autoclave becomes saturated and is carried by convective flow to the cooler
portion of the autoclave.

Under these thermal conditions the solvent is

supersaturated and crystallization occurs. Crystal growth can be directed onto a
seed crystal, or simply allowed to proceed as spontaneous nucleation.
There are several reasons why hydrothermal crystal growth is not as
extensively studied as the melt techniques discussed in the previous section. The
most obvious reason is that it involves a completely different, specialized set of
equipment and knowledge. Hydrothermal crystal growth requires an extensive
initial financial investment to obtain the necessary high pressure equipment as
well as a time investment to learn about its safe operation. A hydrothermal
autoclave is really only useful to the hydrothermal crystal grower and has little
meaning to those without the proper training.

The closed nature of the

hydrothermal crystal growth system is also a disadvantage. First, crystal growth
can not be observed in situ, so there is a certain amount of risk that is involved in
prolonged growth experiments. Should the seed crystal be dissolved during the
warm-up process there is no way to detect such an event, and the “growth”
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process will likely continue fruitlessly until its scheduled completion. This can be
quite costly in terms of the crystal grower’s time and necessitates extensive
preliminary studies to ensure full confidence in the growth conditions prior to
attempting a long term experiment. A related complication is the inability to
easily identify intermediate species in hydrothermal solutions.

A complex,

expensive optical cell with diamond windows can be used to obtain raman spectra
of hydrothermal solutions, but this technique has so far been limited to only a few
specific systems.37 Finally, the solution nature of hydrothermal growth results in
lower observed average growth rates compared to melt techniques.
These lower growth rates from hydrothermal solutions are not necessarily
a bad thing. Slower growth leads to crystals with fewer defects. For example, it
is widely accepted that hydrothermal KTP is of vastly superior quality compared
to flux grown crystals. Growth from a solution also makes possible the growth of
materials that can not be melted conveniently. This includes both refractory
materials with very high melting points as well as materials that melt
incongruently. The solution nature also provides a third main advantage, that of
reduced solvent inclusions. Supercritical water is a much less viscous medium
than melts, so liquid solvent is less likely to be trapped within a growing crystal.
The fluid also has better circulation within the reaction vessel, ensuring even
distribution of components within the growth medium. The lower temperature of
hydrothermal growth (typically under 700 °C) also leads to fewer thermal defects
and problems with crystal cracking and thermal strain than growth from a melt
that typically exceeds 1000 °C. Likewise, kinetically stable products can be
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synthesized instead of those for which formation is strictly driven by
thermodynamics. An aspect of hydrothermal growth that is appealing from an
industrial standpoint is that the process is fully scalable.

The principles of

pressure containment, solubility and mass transport remain the same regardless of
the size of the reaction vessel. In theory, once the optimum growth conditions
have been determined, crystals can be grown as large as the inner diameter of the
autoclave.

Finally, while managing temperature, pressure, gradient, and the

nature and concentration of the mineralizer can be a daunting task, each of these
variables is fully under the control of the crystal grower, offering a myriad of
ways to optimize the chemistry of a crystal growth system. All these advantages
give hydrothermal growth a certain has appeal that has intrigued many scientists
seeking to explore unique chemistry and crystal growth.

Perspectives – Past and Present
The development of hydrothermal technology over the years has greatly
increased its utility as a viable technique for both exploratory chemistry and
crystal growth. Hydrothermal crystal growth has its roots in geology, where
scientists used it primarily to understand the formation of naturally occurring
minerals. Some of the first documented hydrothermal reactions were performed
in the mid-1800s by Bunsen, who grew small crystals of SrCO3 and BaCO3 in
thick-walled glass tubes.38 The idea of containing glass ampoules in an autoclave
with counter-pressure to prevent them from exploding was introduced by de
Senarmont in 1951. His “autoclave” consisted of a welded gun barrel, and was
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used to deposit quartz onto seed crystals among other geochemical
investigations.39 Later, Spezia performed a similar seeded growth study, this time
using a steel autoclave specifically designed for the task.40 The growth rates
reported by Spezia and de Senarmont, however, were too small for practical use.
The leader in hydrothermal studies of geochemical systems at this time
was George Morey. Morey and Niggli published a comprehensive review of the
hydrothermal synthesis of silicate minerals that drew attention to this unique
method of crystal growth.41

Morey also revolutionized autoclave design by

inventing the Morey closure vessel, capable of containing pressures up to about 8
kpsi and able to be fitted with noble metal liners.42 Other advances of this era
were made by Percy Bridgman, inventor of the Bridgman autoclave that increased
the pressure threshold of autoclaves beyond that of the Morey vessel.43 Roy and
Tuttle continued to perform extensive geochemical studies under hydrothermal
conditions.44 Tuttle invented the “cold seal” mechanism (also called the Tuttle
seal) that was used extensively in the work of this dissertation.45

Roy also

contributed a number of phase stability studies that continue to prove valuable
today.
Nacken was the first to truly demonstrate the crystal growth capabilities of
the hydrothermal method by growing quartz crystals.46 American crystal growers
would greatly benefit from Nacken’s technical reports that were seized from
Germany at the end of WWII. The growth of quartz at Bell Laboratories and its
hydrothermal production on an industrial scale by Western Electric Co. was
derived from Nacken’s process and established the hydrothermal technique as a
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key player in materials chemistry. In the years that followed, Robert Laudise
made significant advancements in the hydrothermal growth of crystals at Bell
Laboratories. Laudise became the foremost authority on hydrothermal crystal
growth and demonstrated the growth of a number of technologically important
oxides such as ZnO, Al2O3, AlPO4 and KTP included in his extensive reviews on
the topic.1,

47-49

It is his work that has laid the foundation for modern crystal

growers to expand both the repertoire of hydrothermally grown materials and the
knowledge of crystal growth in general.

The unique chemistry and art of

hydrothermal crystal growth have been combined here to do exactly that while
addressing some of the current needs of solid-state optics. It is the author’s wish
that future chemists and crystal growers will find some of the same inspiration in
these chapters.
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CHAPTER TWO
EXPERIMENTAL TECHNIQUE
Hydrothermal Synthesis in Floating Liners
Basic synthesis and recrystallization experiments were routinely
performed in welded silver reaction ampoules. The most important property of
the ampoule is its inertness toward the reactants. Silver remained inert toward
most basic mineralizers, and the reaction ampoules only showed reactivity in the
presence of oxidants or acidic mineralizers at temperatures above 450 °C.

It is

also much more cost effective than other inert metals such as gold or platinum.
The ampoules were fashioned from 0.25” outer diameter fine silver tubing
obtained from Stern-Leach, Inc. Tubing 2.5” in length was cut from longer stock,
and one end was crimped using a pair of pliers. This crimped end was then
welded using a CEA model TOP-165HF inert gas welder with a carbon or
tungsten electrode under flowing argon. Powdered starting materials were then
weighed and added to the ampoule through the open end. Typically, 100-150 mg
of solid was added, and no more than 300 mg of solid starting material was used.
The mineralizer was then added via syringe.

The mineralizer was either a

previously prepared stock solution of known concentration or simply deionized
water (that could dissolve a portion of the solid charge to form a mineralizer). A
volume of 0.4 mL was chosen to ensure that the fluid would fill the reaction
vessel upon heating.1 Larger volumes made it difficult to seal the ampoules. The

open end of the ampoule was then cleaned with a kimwipe to remove any residual
powder or mineralizer that would also make the ampoule difficult to weld seal.
The clean, open end was crimped and welded shut as described for the bottom of
the ampoule.
Sealed ampoules were thoroughly inspected for leaks and placed in an
autoclave of 27 mL internal volume with a bore diameter of 0.5”. The autoclave
effectively acts as the means by which temperature and pressure are transmitted to
the floating silver ampoules. Autoclaves were typically constructed of a nickelbased superalloy such as Inconel 718, which offers containment of high pressures
at temperatures up to 800 °C. These vessels were fabricated in the University
machine shop. Six ampoules could be stacked vertically in the autoclave. The
ampoules were then counter-pressured with deionized water to prevent them from
bursting when heated. The cap assembly including a gauge, pressure relief valve,
high pressure tubing (rated to 120 kpsi), sealing plunger and cap nut was then
screwed onto the threaded portion of the autoclave. This assembly utilized the
Tuttle sealing mechanism, where the cap nut drives the cone-shaped plunger
against the circular autoclave opening, creating a line seal.2 The assembled vessel
is pictured in Figure 2.1. For lower temperature experiments, additional counter
pressure could be added through the relief valve by an air-driven water pump.
The sealed autoclave containing the ampoules was then heated in a
vertical furnace (Leco Corp.) or using a pair of ceramic band heaters (Delta Mfg.)
strapped to the outside of the autoclave. Temperatures up to 675 °C could be
reached in about four hours. When using the vertical furnace, the cap nut was
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Figure 2.1: Fully assembled 27 mL Tuttle cold seal autoclave (baseball for scale).
Inset: Line seal mechanism of Tuttle autoclaves.
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allowed to protrude from the top of the furnace, acting as a heat sink to establish a
temperature gradient (30-120 °C) over the length of the vessel. This temperature
gradient was approximately, but not exactly repeatable for subsequent
experiments. The temperature of the autoclave was measured by thermocouples
strapped to the outside. Insulation was provided by zirconia blanket packed
around the top of the furnace. The ceramic band heaters provided a much more
reliable means of controlling the temperature gradient.

Two band heaters

operated by separate temperature controllers were strapped to the bottom and top
of the autoclave, with thermocouples held snugly between the ceramic heater and
the outside of the autoclave. The autoclave and heaters were then placed in a
cinder block containment pit filled with vermiculite insulation. Gradients of 10120 °C could be achieved and were exactly repeatable for subsequent
experiments. Autoclaves were held within 3 °C of their set temperatures for 3-21
days, depending on the demands of the experiment.

Typical exploratory

experiments lasted 3-5 days, while some recrystallization experiments lasted up to
3 weeks to encourage the formation of larger crystals.

The pressure was

monitored carefully and manually relieved for safety purposes if it exceeded 35
kpsi. At the conclusion of the experiment, the autoclave was allowed to cool to
room temperature over a twelve hour period and the ampoules were removed.
Because the counter pressure exceeded the pressure generated by the contents of
an ampoule, properly sealed ampoules were compressed upon heating. Thus, the
pressure registered on the gauge provided a convenient reading of the pressure
inside the ampoules. The ampoules were opened and their contents flushed onto
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filter paper with deionized water. The products were then dried under vacuum
filtration and prepared for subsequent analysis.
The reactions were scaled to 3/8” o.d. silver ampoules when larger crystals
or greater amounts of product were sought. These ampoules, 6-8 inches in length,
typically contained ten times the amount of starting charge and mineralizer than
the 0.25” o.d. ampoules. Because of their size, only one of these larger ampoules
could be placed in an autoclave. Autoclaves containing 3/8” ampoules were
subjected to the same heating parameters as those containing 0.25” ampoules
described earlier.
Relative Solubility Studies
When designing experiments for the hydrothermal growth of large
crystals, it is often useful to have some knowledge of the solubility profile of the
material being grown. The solubility of a material in a given solvent can depend
on a number of factors including solvent concentration, pressure and temperature.
Because hydrothermal growth depends on a temperature gradient to establish a
solubility differential between dissolution and growth zones, the most valuable
profile is the temperature dependence of solubility. Materials whose solubility
increases with increasing temperature (prograde or positive grade solubility) are
the most common. Some well known materials with prograde solubility under
hydrothermal conditions include α-quartz, corundum, ZnO and KTiOPO4 (KTP).36

Materials exhibiting retrograde solubility (decreasing solubility with increasing

temperature) under hydrothermal conditions, such as AlPO4, are less common.7
While possible, transport growth of materials with retrograde solubility is fraught
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with difficulties managing convective flow or suspending feedstock in the cool
zone of the autoclave.

Materials with prograde solubility are much more

amenable to hydrothermal growth.
The nature of the temperature dependent profile is not always obvious
from qualitative observations made during solvent screening and spontaneous
nucleation experiments and a quantitative approach is sometimes warranted. A
very effective means of obtaining solubility data from hydrothermal systems was
pioneered by Laudise and Ballman.3 They developed the weight loss method to
study the solubility of α-quartz in NaOH contained in fixed-lined autoclaves.
According to the weight loss method, a weight percent solubility can be
calculated (equation 2.1) by measuring the weight of a seed crystal before and
after interaction with the solvent where S is the weight percent solubility.

S = ∆masscrystal / (∆masscrystal + masssolvent)

(2.1)

At this point it is important to note that the solubility values obtained in
this manner are not rigorous thermodynamic solubility products (Ksp), but simply
a relative solubility that can be compared to other relative solubility values
obtained under different experimental conditions. These relative solubilities are
suitable guidelines for the design of growth experiments. Laudise and Ballman
have suggested that solubility values of 1-5 wt. % are ideal for the rapid
hydrothermal growth of large single crystals.8

These values can be reliably

measured using the weight loss method. The weight loss method has two main
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shortcomings. It is unsuitable for materials that are not congruently saturating in
the solvent, as the crystals will react with the mineralizer to form other species.
Also, the weights of the crystals after interaction with the solvent are measured
only after the autoclave has been cooled to room temperature. This introduces
uncertainty due to potential recrystallization onto the seed crystal during the
cooling process. For this reason, consistency in the process used to cool the
autoclave is imperative.
In this work, solubility studies were performed in 0.25” o.d. silver
ampoules each containing a single pre-weighed crystal and 0.4 mL of the desired
solvent.
autoclave.

These ampoules were contained in a 1.5” i.d. modified Bridgman
The autoclave contained a stainless steel insert that could

accommodate nine separate ampoules simultaneously. The insert served to isolate
the ampoules from each other while confining them all to a region of identical
temperature. Using this insert, solubility studies for a wide range of solvents
could be performed under identical temperature and pressure conditions.
Typically, at least three ampoules were devoted to a single solvent under a given
set of conditions to provide reliable standard deviations in the solubility data. The
autoclave was heated using two band heaters and held at the desired temperature
for 24 hours. At the conclusion of this time, the autoclave was carefully removed
from the containment pit and cooled under constant air flow or cold water over a
period of 30 minutes. The ampoules were then removed and opened immediately
to extract the crystals. The crystals were then weighed on an analytical balance

29

with an uncertainty of ± 0.0002 g. Data was discarded in cases where the crystal
broke apart or dissolved completely over the course of the experiment.
Transport Growth
In most cases, spontaneous nucleation is not sufficient for obtaining large
crystals since the total amount of mass transport is spread out over thousands (or
more) of nucleation sites. It is the exception rather than the rule when crystals
formed by spontaneous nucleation exceed 3 mm in size. Even when this occurs, it
can usually be attributed to special circumstances that resulted in long term
ripening of the nucleation site (such as a crystallite becoming trapped in the
coldest portion of the reaction vessel). This ripening process is the very definition
of transport growth, where crystals in favorable conditions grow at the expense of
those in less favorable conditions. For crystal growth from solutions, favorable
and unfavorable conditions are determined by the relative solubility of the
material under those conditions. As discussed earlier, these solubility conditions
are imparted by temperature, pressure and mineralizer concentration.

In a

hydrothermal reaction vessel, pressure and mineralizer concentration are identical
for the entire system, while temperature can be varied from region to region. This
is the basis of the temperature gradient method of hydrothermal crystal growth,
where a temperature difference between feedstock and growth zones induces a
solubility differential. Because all of the materials for which growth was studied
in this volume maintained prograde solubility, future discussion will be specific to
a positive dependence on temperature. In the temperature gradient scheme, the
mineralizer dissolves feedstock in the hot zone of the reaction vessel. Convective
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flow carries this saturated solution to the cool zone of the autoclave, where it is
then supersaturated with respect to the new thermal conditions. Crystals then
form by spontaneous nucleation, or new crystalline mass is deposited on existing
crystals. Convective flow then forces the mineralizer back to the dissolution zone
and the process repeats itself. The process of hydrothermal growth has been
reviewed extensively by Laudise.9
Obviously one can not depend on the good fortune of a crystallite
becoming immobilized in the most favorable region for growth. Typically, a seed
crystal is hung in this region providing a regular surface on which growth is
directed.

Initial experiments are usually performed to demonstrate proof of

concept, where any amount of positive mass transport onto the seed crystal is
acceptable.

Thermal conditions and mineralizer concentration can then be

optimized in subsequent experiments to maximize the growth rate and growth
quality.

One major step to this optimization is minimizing the competing

spontaneous nucleation so that all growth is directed onto the seed crystal. Once
optimized, the growth process is scaled to larger autoclaves permitting the growth
of larger crystals. In principle, growth of single crystals is only limited by the
walls of the autoclave.
The crystal growth work in subsequent chapters was performed in
autoclaves containing both floating and fixed inert metal liners. The designs of a
number of fixed-lined autoclaves have been reviewed in the literature, and the
reader is referred to a particularly informative review by Laudise and Nielson.10
The procedures for growth in floating and fixed liners are nearly identical,
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differing primarily in the amounts of feedstock and mineralizer used.

A

schematic of a floating liner and its contents is shown in Figure 2.2. For growth
in a floating liner, a 3/8” o.d. piece of silver tubing was cut 7.5” in length and its
bottom welded as described previously. Feedstock consisting of a powdered
starting material or crystals from previous hydrothermal runs was then weighed
(1-1.5 g) and placed in the bottom of the liner.

A frame, or ladder, was

constructed from 1 mm diameter silver wire (Alfa Aesar, 99.9%). Rungs were
added to the ladder using small pieces of 0.25” o.d. silver tubing crimped tightly
around the frame. Seed crystals, having a central hole drilled by a 0.75 mm
diameter diamond coated drill bit driven by a Dremel MultiPro tool, were
weighed to ± 0.0002 g on an analytical balance then photographed and measured
using a digital camera attachment to a Zeiss Stemi 2000C optical microscope and
the SPOT Advanced software package.11 These crystals were then tied to the
rungs of the ladder using 0.1 mm diameter silver wire (Alfa Aesar, 99.997%).
The crystals were suspended 5-7 inches above the level of the feedstock.
The ladder containing these crystals was then placed in the liner along with 4-7
mL of mineralizer. The liner was then weld sealed and pre-crimped slightly in the
center before placing it in an autoclave. Pre-crimping the floating liners served
two purposes. First, when subjected to the counter pressure compression of the
liner occurred at the site of the crimping, ensuring that the tube would not
compress around the seed crystal. Second, the compression provided a natural
barrier improving thermal isolation of the dissolution and growth zones. In fixed
liner systems, a baffle attached to the ladder provides this isolation.
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Weld-sealed
silver liner
Silver ladder
Seed crystal

Mineralizer
fill level

Feedstock

Figure 2.2: Schematic of a transport growth experiment in a floating silver liner.
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Autoclaves containing transport growth experiments were always heated
using the band heaters to ensure reproducible control of the temperature gradient.
To protect the seed crystals from dissolution during warm-up, the temperature of
the growth zone was never allowed to exceed that of the dissolution zone.
Growth occurred for 4-28 days, after which the autoclave was allowed to cool to
room temperature and the liner opened. The ladder was extracted and the crystals
were removed, weighed and measured. Growth rates were measured in terms of
mass (mg/day) and size (mm/day).

Powder X-Ray Diffraction
Powder x-ray diffraction patterns were obtained using a Scintag XDS
2000 diffractometer equipped with Cu Kα radiation (λ=1.54056 Å). Crystals
were ground using a mortar and pestle and powdered samples were placed on zero
background sample holders for analysis. Data collection and processing were
controlled through the DMSNT software program.12 Data was collected in step
scan mode with a step size of 0.03° over a 2Θ range of 5-65°. Collection rates of
0.5-2.0 seconds/step were used. Experimental powder patterns were compared to
known patterns indexed in the ICDD powder diffraction file database using the
search match feature of DMSNT.13
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Single Crystal X-Ray Diffraction
Single crystal x-ray diffraction was used to characterize minor products,
obtain high resolution unit cell parameters and determine novel crystal structures.
Diffraction was performed on clear, well formed single crystals less than 0.75 mm
in size that had been mounted on the tip of a glass fiber using a small amount of
epoxy. A Rigaku AFC8 diffractometer equipped with a Mercury CCD area
detector was used.

Mo Kα (λ=0.71073Å) radiation was generated from a

graphite monochromated sealed tube. The Crystal Clear software package was
used to drive the instrument, collect data and integrate reflections.14 The crystal
to detector distance was fixed at 27.9 mm for all experiments.
Preliminary crystal screening was performed using four scans where ω
was varied (0, 30, 60 and 90°) while χ and Φ remained fixed at 0°. A 5 second
exposure time was used for the screening images. A preliminary reduced cell was
obtained from these scans, and the images were inspected for evidence of possible
crystal twinning. If the crystal was deemed suitable, a full data set consisting of
480 total images was collected. The exposure time for scans in the full data set
could be modified depending on the diffraction intensity observed in the
screening images, but was most often set at 5 or 10 second exposure lengths.
These 480 images were divided into two segments. For the first 360 images, ω
was scanned from -90 to 90° in 0.5° increments while χ was held at 45° and Φ
held at 0°. The final 120 images were collected by scanning ω from -30 to 30°
also in 0.5° increments while holding χ at 45° and Φ at 90°. After all data was
collected it was integrated and a high resolution unit cell obtained. The integrated
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data was then converted into a usable form using the TEXSAN software package.15
The resulting hkl intensity file was then transferred to the SHELXTL software
package for structure determination and refinement.16 Heavy atoms were located
using direct methods. Subsequent Fourier peak refinements were used to locate
remaining lighter atoms. Hydrogen atoms were assigned by locating areas of
residual electron density near underbonded oxygen atoms.

Thermal Analysis
Differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were performed using TA Instruments SDT-2960 simultaneous DSC-TGA
instrument.

Clean alumina sample pans (90 μL volume) were tared on the

microbalance arms prior to use. For a typical DSC/TGA experiment, 5-20 mg of
powdered sample was placed in the forward sample pan while the rear sample pan
was left empty as a reference for DSC. The sample and reference were heated
from room temperature to any desired temperature up to 1400 °C at a rate of 10
°C/min. Flowing nitrogen was used to purge the furnace. Measurements of mass,
temperature and heat flow were recorded by the TA Instrument Control software
program every second.17 Data analysis was performed using the TA Universal
Analysis software package.18 Thermal events were characterized according to the
positions of endotherms and exotherms in relation to weight loss. Observed
weight loss was compared to theoretical weight loss values calculated from the
molecular weight of the compound analyzed. Baseline corrections were made
using a sapphire standard weighing 50 mg.
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Electron Microscopy and Elemental Analysis
Electron micrographs and elemental analysis data were obtained using a
Hitachi S-3400N scanning electron microscope equipped with an Oxford INCA
energy dispersive x-ray analysis (EDX) detector. Samples were affixed to a
carbon disc by means of double-sided carbon tape. The disc was then attached to
a 51 mm stage which was placed in the SEM chamber.

The chamber was

evacuated and the electron beam was activated, having an accelerating voltage of
20 kV. The stage was then brought to a working distance of 10 mm suitable for
electron imaging.

Crystals with flat, clean faces were chosen for elemental

analysis by EDX. Scattered x-rays were collected over a 30 second analysis
period for each point of interest. Typically, at least four different data points were
collected for a given sample to obtain a reasonable standard deviation for the
composition. The INCA analyzer was standardized using copper tape prior to
analysis.

Vibrational Spectroscopy
Infrared spectra of powdered samples were obtained using the KBr pellet
technique. Approximately 10 mg of analyte powder was mixed with about 60 mg
of KBr (Alfa Aesar, 99.99%) using a mortar and pestle. This mixture was pressed
into a transparent pellet under 10 kpsi pressure imparted by a Carver hydraulic
press on an Aldrich macro-micro KBr die containing the mixture. The pellet was
then dried at 80 °C to remove any surface water. Samples were analyzed using a
Nicolet Magna 550 IR spectrometer. Data was collected under flowing nitrogen
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by scanning from 400-4000 cm-1.

Background from the KBr matrix was

subtracted by scanning a blank KBr pellet over the same range of wavenumbers.
Absorption peaks were assigned to their proper vibrational modes using literature
specific to the class of compounds being analyzed.

UV-Vis-NIR Spectroscopy
Optical transparency measurements from 200-2600 nm were performed
using a Shimadzu UV-3101 PC UV-vis NIR Scanning Spectrophotometer. An
integrating sphere was used to accommodate solid powder samples in diffuse
reflectance mode. The spectrophotometer utilized a deuterium lamp source for
wavelengths up to 360 nm, switching over to a WI halogen lamp for higher
wavelengths. Detection was achieved using a PMT up to 830 nm and a PbS
detector beyond 830 nm. Powdered samples were measured against a BaSO4
standard and data was converted from reflectance to absorption units using a
Kubelka-Munk function.19 Deep-UV transparency measurements were performed
on γ-LiBO2. The samples were polished with isopropanol and 0.5 μm diamond
paste and then washed in isopropanol. They were loaded in a McPherson VUV
spectrometer, evacuated to 0.001 Torr, and scanned with 2.5 mm slits and a 1200
G/mm grating for a resolution of 0.25 nm.
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Lanthanide Ion Spectroscopy
Excitation and emission spectra for materials containing lanthanide ions
were obtained using a Jobin Yvon Horiba FluroLog Tau-3 spectrofluorometer.
The spectrofluorometer utilized a 450 W xenon arc lamp source and was equipped
with a PMT detector for detection up to 850 nm and a Hamamatsu InGaAs near
IR detector for higher wavelengths. Typical emission spectra were collected over
a range of 700-1000 nm, and excitation spectra were obtained from 1000-1700
nm, depending on the active lanthanide ion. Data was collected in 1 nm steps
with a step size of 0.1 sec/nm. Samples consisting of powder or crystalline
material containing single crystals up to 1.5 mm in size were placed in square
cuvettes for analysis.

Non Linear Optical Susceptibility Measurements
NLO susceptibilities for noncentrosymmetric materials were measured
using a modified Kurtz technique.20, 21 These experiments were performed by the
author in the laboratories of Professor Shiv Halasyamani at the University of
Houston. In this technique, the second harmonic generation (SHG) response is
used as a measure of NLO susceptibility. SHG intensity has been shown to vary
strongly with particle size.20,

22

Materials with a very long coherence length,

known as phase matchable materials, show increasing SHG intensity with
increasing particle size. Materials with shorter coherence lengths (non phase
matchable materials) show increasing SHG intensity with increasing particle size
up to the coherence length, and then gradually decreasing intensity values for
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particles larger than the coherence length.20 This relationship provides a useful
analytical tool for determining the phase matching capabilities of an acentric
material given a range of particle sizes.
To measure the phase matching properties of materials in the current
work, crystalline samples (about 1-1.5 g) of a noncentrosymmtric material were
hand ground using a mortar and pestle. The ground crystals were then sieved and
separated according to particle size. Six different ranges of particle sizes were
obtained: <20, 20-45, 45-63, 63-75, 75-90 and 90-120 μm. Crystals of each range
of particle sizes were placed in separate fused silica cuvettes approximately 2 mm
in diameter. The cuvettes were filled approximately 2 cm high. The NLO
behavior was then characterized by measuring the intensity of the second
harmonic generation light scattered by each particle size of each material
analyzed.

A block diagram showing optical components involved in the

measurement system is given in Figure 2.3. A sample cuvette was placed in a
sample holder and incident radiation was provided by a Continuum Q-switched
Nd:YAG benchtop laser source (1064 nm). The SHG light scattered by the
sample was measured by a PMT equipped with a 532 nm narrow band pass filter.
The PMT was connected to an oscilloscope and the intensity of the SHG light was
recorded from the signal on this oscilloscope in arbitrary units. Intensity was then
plotted as a function of particle size to determine the phase matching relationship.
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3

2
1
4
5
9
1. Nd:YAG laser source
2. Beamsplitter
3. Sample holder with sample
4. 532 nm narrow bandpass filter
5. Photomultiplier tube
6. Beamstops
7. High-speed photodetector
8. Oscilloscope
9. Covered black box on optical bench
Figure 2.3: Block diagram of optical components for the measurement
of powder SHG.
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Because of the nature of this intensity measurement, it is imperative that
the user have a number of relevant standards for comparison if any quantitative
conclusions are to be drawn regarding the NLO susceptibility. Materials with
well known NLO susceptibilities such as KDP, KTP, quartz and BBO were used
as standards for comparison. Samples of these standards were ground and sieved,
and their SHG data collected as previously described. The SHG response was
compared for standard and analyte materials of identical particle size. For non
phase matchable materials, the particle size range for comparison was 45-63 μm,
since this value is typically very close to the coherence length.

For phase

matchable materials, intensities were compared for the 90-120 μm size range.
It should be noted that not all materials demonstrate optimum intensity for
the generation of 532 nm SHG light from 1064 nm incident radiation. Meaningful
quantitative comparisons should be made between materials having similar
optical transparencies and that would find use in similar optical applications.
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CHAPTER THREE
HYDROTHERMAL SURVEY OF LITHIUM BORATES
Introduction
Systematic studies of lithium borates began in the late 1950s when the first
studies of Li2O-B2O3 melts were reported by Sastry and Hummel.1,

2

Studies

continued sporadically for the next 20 years, with much of the work centered
around isolating new phases and determining their crystal structures.3-6 During
this time lithium tetraborate (Li2B4O7) and lithium metaborate (α-LiBO2) found
some analytical use by geologists as melts capable of dissolving rocks that could
not be dissolved in acid alone.7 Dissolution using borate solvents was especially
useful in the preparation of samples for compositional analysis by atomic
absorption or x-ray fluorescence spectroscopies and the extraction of metal oxides
from parent minerals.8, 9 Later, α-LiBO2 would become a popular solvent for the
growth of technologically important oxides and novel borate compounds.10,

11

Li2B4O7 activated with Mn, Ag or Cu also found analytical use as a
thermoluminescent material in radiation dosimetry.12-14
It was not until the late 1970s that materials chemists began to show more
interest in lithium borates. This interest was sparked by a report on the superionic
conducting properties of lithium boracite, Li4B7O12Cl, and led to the synthesis of
a number of fast ion conducting glasses and crystals.15, 16 Shortly thereafter, the
piezoelectric properties of Li2B4O7 were studied and it was shown to be vastly
superior to quartz as a substrate for surface acoustic wave (SAW) devices.17

Where previous applications for lithium borates required only crystalline powders
or glasses, this discovery created a need to consider the growth of large single
crystals. In the case of Li2B4O7 scientists responded to this need, and today 4inch plates can be grown by the vertical Bridgman technique.18

Lithium

tetraborate remains an industry standard for SAW substrates because of its large
piezoelectric coefficient (0.93 C/m2) and zero temperature coefficient of delay.
Borate research in general exploded in the mid-1980s with the discovery
of β-BaB2O4 (BBO) as a non-linear optical material capable of frequency
doubling light into the deep-UV.19 The discovery of lithium triborate, LiB3O5
(LBO), as a NLO material soon followed.20

BBO and LBO have remained

industry standards ever since. Although BBO has a higher NLO coefficient than
LBO (2.2 pm/V vs. 1.05 pm/V), there remains a significant market for LBO
because of its advantages in other areas.21 LBO maintains a wider transparency
range than BBO (160 nm cutoff vs. 180 nm) and has a significantly higher optical
damage threshold (45 GW/cm2 vs. 13.5 GW/cm2 for 1 ns pulses).22 In fact, sum
frequency mixing using LBO has generated 172.7 nm laser light in femtosecond
pulses, a wavelength inaccessible using BBO.23

Despite its widespread

commercial availability, synthetic difficulties surround LBO. The B2O3 flux used
to grow LBO is highly viscous resulting in low diffusivity of the melt. The
viscous melt also leads to B2O3 inclusions. Li2B4O7 and Li2B8O13 inclusions are
also prevalent because of the tendency of LBO to decompose to these products as
it cools.24, 25 Increasing the cooling rate minimizes these inclusions, but crystals
cooled too quickly exhibit thermal strain and crack easily.26 Fast cooling of
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borate melts also tends to result in glassy, not crystalline products. As such, an
alternative low temperature growth method would provide obvious advantages.
Other lithium borates remain virtually unexplored because suitable crystal
growth methods have not been found. An example is the rare γ phase of lithium
metaborate (γ-LiBO2).

The synthesis of this material was first reported by

Marezio and Remeika of Bell Laboratories in 1965.4

They reported that

centrosymmetric monoclinic α-LiBO2 could be converted to a new acentric
tetragonal phase (termed the γ-phase) by applying 15 kbar of pressure to a LiCl
flux containing α-LiBO2 at 950°C.27 The α and γ nomenclature was selected
because of the similarity of the boron coordination of the lithium metaborate
polymorphs to that of the metaboric acid polymorphs.
The metastable γ-LiBO2 crystals were small, but of high quality, and the
acentricity of the new polymorph was confirmed by a single crystal x-ray
structure. Additionally, the authors noted that the tetragonal phase reverts to the
monoclinic phase by heating overnight at approximately 600°C. Beyond this, no
further investigations were made into the properties of γ-LiBO2, presumably due
to the extreme conditions required to stabilize the acentric phase and the small
size limit of the crystals reported using this technique.
Alternative low-temperature growth methods, specifically hydrothermal
growth, could provide obvious potential advantages in the cases of the borates
discussed above. Crystals grown hydrothermally have less thermal strain, and the
aqueous nature of the growth eliminates problems introduced by the viscous
nature of a borate melt solvent. It is also well known that hydrothermal methods
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are

useful

in

synthesizing

kinetically

stable

or

metastable

phases.28

Hydrothermal studies on lithium borates however, have been limited. Byrappa
and coworkers performed their own survey in 1993 in Teflon-lined autoclaves.29
Several new hydrated lithium borates resulted from this study.

They also

performed morphological and conductivity studies on known lithium borates,
namely Li2B4O7 and Li3B5O8(OH)2.30,
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Their autoclave technology precluded

any studies over 300 °C, leaving a gap between 300 and 600 °C that had not been
studied be either hydrothermal or melt techniques. In 2002, Giesber reported a
hydrothermal route to γ-LiBO2 using B2O3 and aqueous LiOH at 550 °C.32 This
work also confirmed the acentric structure of the material and reported optical
transparency to 190 nm, the detection limit of the instrument used.
The work in this chapter represents an extension of Giesber’s study under
moderate hydrothermal conditions. A complete phase stability study is included
here, with specific attempts to stabilize LiB3O5 as well as to search for new
acentric phases in a systematic fashion. Advanced solubility and growth studies
of γ-LiBO2 were performed and optimized growth conditions capable of routinely
growing crystals over 1 cm in size are reported. These larger crystals permitted
advanced optical and non-linear optical experiments to be performed, and the
results of these studies are also reported here.
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Hydrothermal Phase Stability of Lithium Borates
Phase stability studies were conducted through spontaneous nucleation
experiments in 0.25” o.d. silver ampoules as described in Chapter 2. A reaction
summary can be found in Table 3.1. The formation of three different lithium
borates, γ-LiBO2, Li2B4O7 and Li3B5O8(OH)2 is favored under the synthetic
conditions explored. In most cases, the product distribution was governed by the
Li/B ratio of the starting charge and the mineralizer. The first experiments were
designed to use readily available known lithium borates such as α-LiBO2, Li2B4O7
and LiB3O5 as starting materials with varying concentrations of LiOH as a
mineralizer. For Li/B ≥ 1, γ-LiBO2 was always the favored phase, including all
experiments where α-LiBO2 was the starting charge. The use of excess LiOH
with α-LiBO2 to give Li/B > 1 did not result in the formation of more Liconcentrated phases.
In order to study a wider range of Li/B ratios, a direct synthesis scheme
was also included in the study. Using B2O3 as the boron source, Li/B was varied
either by changing the amount of starting charge used, or varying the
concentration of LiOH, which served as both the Li source and the basic
mineralizer. Again, for Li/B ≥ 1, γ-LiBO2 was the lone product. When Li/B =
0.50 was studied within this synthetic scheme Li2B4O7 was the lone product and
directly reflected this new ratio. Li2B4O7 was found to be the stable product for
lower Li/B ratios, including Li/B = 0.20, where boron was present in a large
excess.

Here, all Li in the vessel was consumed in the formation of the

tetraborate and any remaining B2O3 remained unreacted or was simply
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Table 3.1
Hydrothermal reaction summary for lithium borates at 575 °C and 25 kpsi.

Starting Charge + DI H2O

Li/B

Products

α-LiBO2 + LiOH
α-LiBO2 + LiOH
α-LiBO2

2.00
1.20
1.00

γ-LiBO2
γ-LiBO2
γ-LiBO2

B2O3 + LiOH
B2O3 + LiOH
B2O3 + LiOH
B2O3 + LiOH
B2O3 + LiOH
B2O3 + LiOH

1.50
1.00
0.75
0.50
0.33
0.20

γ-LiBO2
γ-LiBO2
γ-LiBO2
Li2B4O7
Li2B4O7
Li2B4O7 + B2O3

Li2B4O7 + LiOH
Li2B4O7 + LiOH
Li2B4O7 + LiOH
Li2B4O7
Li2B4O7 + B2O3

1.30
1.00
0.67
0.50
0.33

γ-LiBO2
γ-LiBO2
γ-LiBO2 + Li2B4O7
Li2B4O7
Li2B4O7

LiB3O5 + LiOH
LiB3O5 + LiOH
LiB3O5 + LiOH
LiB3O5 + LiOH
LiB3O5

1.00
0.75
0.60
0.44
0.33

γ-LiBO2
γ-LiBO2 + Li2B4O7 + Li3B5O8(OH)2
Li3B5O8(OH)2 + Li2B4O7
Li3B5O8(OH)2 + Li2B4O7
Li2B4O7

γ-LiBO2

1.00

γ-LiBO2
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recrystallized.

A similar dependence on Li/B was observed in cases where

Li2B4O7 was the starting material. Because lithium tetraborate can be grown
conveniently by the Bridgman method and its properties are well understood,
hydrothermal growth was not pursued in this study. However, crystals up to 3
mm in size were routinely obtained by spontaneous nucleation.
Though it does appear to be the dominating factor, the Li/B ratio is not the
only variable that determines the product distribution in this hydrothermal system.
For experiments in which LiB3O5 reacted with LiOH within a narrow range of a
Li/B ratios from 0.75 - 0.44 the pentaborate Li3B5O8(OH)2 was was also
crystallized alongside the other lithium borates. Crystals of Li3B5O8(OH)2 never
formed when α-LiBO2, B2O3 or Li2B4O7 were used as starting materials over
similar ranges of Li/B ratios, suggesting that that there is some intermediate
chemistry specific to LiB3O5 that contributes to the synthesis of the pentaborate.
Structural similarities between the pentaborate product and the triborate
starting material could explain the transformation observed in this hydrothermal
survey. Both materials possess borate fundamental building blocks that are threemembered rings which link together to form spiral chains about the screw axes of
their respective structures.33, 34 The building block rings differ only slightly by
the conversion of one triangular borate in the [B3O7]5- rings of LiB3O5 to a
tetrahedral hydrated borate in the [B3O7(OH)]6- rings comprising Li3B5O8(OH)2.
The addition of OH- to one of the triangular borates (and its subsequent distortion
to a tetrahedral borate environment to accommodate the new OH ligand) of the
[B3O7]5- rings to form the hydrated intermediate species upon dissolution seems
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reasonable given the basic nature of the mineralizer. Ultimately, crystals of γLiBO2 or Li2B4O7 were formed from the LiB3O5 charge when the Li/B
stoichiometry was outside the narrow compositional range that permits the
formation of Li3B5O8(OH)2. This suggests that intermediate species containing
[B3O7]5- or [B3O7(OH)]6- groups have limited stability under the conditions
investigated and this intermediate effect can be easily overcome by the more
influential Li/B ratio. The entire phase stability study was repeated at lower
temperature and pressure (450 °C, 12 kpsi), and the results were qualitatively
identical to their higher temperature counterparts. Interestingly, in no cases was
the formation of LiB3O5 observed at any point in this study.
Since the formation of LiB3O5 was found to be unfavorable under
hydrothermal conditions, the focus of the study shifted to explore the growth and
properties of γ-LiBO2. Tetragonal LiBO2 was obtained through a number of
experiments including hydrothermal conversion of monoclinic LiBO2, direct
synthesis from B2O3 and LiOH and synthesis from Li2B4O7 or LiB3O5 when the
LiOH concentration provided adequately high Li/B ratios.

Additionally,

recrystallization of the tetragonal metaborate was achieved simply by using
deionized water or dilute LiOH as a mineralizer. The recrystallization reactions
were also successful under the milder hydrothermal conditions of this study.
In all cases where γ-LiBO2 was formed, the crystals obtained were quite
large and transparent. Crystals usually grew as large as the reaction vessel would
allow, and crystals up to 7 mm in size have been routinely obtained through
spontaneous nucleation in 3/8” ampoules after just 5 days. Typical crystals from
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these reactions are pictured in Figure 3.1. Because of constriction from the
reaction ampoule, the larger crystals often do not reflect the morphology of γLiBO2. In general, crystals synthesized at higher temperatures and pressures tend
to be larger and require less time to reach the size limit imposed by the vessel.
There was no noticeable difference in the crystal quality for these different
conditions. Furthermore, there was no significant difference in the quality or size
of crystals obtained from different starting charges.

Structural Comparison of Tetragonal and Monoclinic Lithium Metaborate
The structure of γ-LiBO2 has been previously described as a supercell of
the zinc blende structure, with Li and B regularly replacing Zn and O replacing S
at their respective crystallographic sites.4 Such substitution of Li and B for Zn not
only results in the lower symmetry of γ-LiBO2, but also in significant angular
distortion about LiO4 tetrahedra.

O-Li-O angles about these tetrahedra are

100.0(3)° and 130.8(3)°. The BO4 tetrahedra are also slightly distorted, but not to
the same degree. The symmetry of γ-LiBO2 resembles that of chalcopyrite, as
both belong to the acentric I-42d space group.35 Figure 3.2 shows the γ-LiBO2
structure projected slightly off [010]. The acentric nature of the structure can be
seen by the Li and B atoms in the bottom and top thirds of the unit cell that are
inverted into the opposite atom type. The angular distortion about Li is also
evident in Figure 3.2. This structure type is dramatically different from the far
more common α-LiBO2 structure that consists of chains of BO3 triangles joined
by Li-O bonding.3 This structure is presented in Figure 3.3 as a comparison.
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Figure 3.1: Typical γ-LiBO2 crystals obtained by spontaneous nucleation.
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Figure 3.2: Extended unit cell of γ-LiBO2 viewed slightly off [010].
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Figure 3.3: Chain structure of α-LiBO2 viewed along [001].
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The zinc blende framework structure of γ-LiBO2 contributes to its unique
physical properties. The overall structural substitution described above leads to a
network of short, strong Li-O and B-O bonds. This strong framework manifests
itself physically as a marked increase of hardness for γ-LiBO2 crystals over αLiBO2 and other commercially available borates such as LiB3O5 and β-BaB2O4.
A preliminary Mohs hardness measurement on hydrothermally grown crystals
indicated that the γ polymorph of lithium metaborate has a hardness
approximately equal to that of quartz and easily scratches LBO and BBO.
Moreover, with a density of 2.88 g/cm3, γ-LiBO2 is the densest known lithium
borate (including hydrated compounds and lithium haloborates). It is 30% denser
than the monoclinic polymorph of the metaborate and 17% denser than LiB3O5,
the next densest lithium borate.

The framework structure also results in a

conchoidal fracture pattern for γ-LiBO2. This fracture is also exhibited by other
crystals having a framework structure such as quartz, diamond and beryl.
The hydrothermal γ-LiBO2 crystals synthesized were analyzed by
DSC/TGA to corroborate the observation by Marezio and Remeika that the
metastable tetragonal phase reverts to the monoclinic α phase by heating at 600°C
in air. Figure 3.4 is the DSC curve for the hydrothermal crystals heated by a
ramping process to 700 °C. The onset of the phase transition was observed at 610
°C and the transition was confirmed by powder XRD at the conclusion of the
heating cycle. Powder diffraction indicated that the transformation was complete,
as the lone product was monoclinic LiBO2. No weight loss was observed over the
course of the heating cycle.
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Figure 3.4: DSC profile of γ-LiBO2 transition to α-LiBO2.
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Solubility Study of γ-LiBO2
Solubility measurements provide valuable information about the solubility
of a material in a variety of mineralizers of different concentrations and at
different temperatures. This data can indicate areas of positive grade solubility
and ideal (approximately 1-5 percent) weight percent solubility that is useful in
designing transport growth experiments that take advantage of these favorable
solubility conditions. Because γ-LiBO2 was found to be congruently saturating,
the solubility profile was determined by the weight-loss method described in
Chapter 2. Measurements were performed in 0.25” silver ampoules in a 1.5” i.d.
autoclave with a separating insert also described in Chapter 2. Crystals used for
the solubility measurements were from previous hydrothermal spontaneous
nucleation experiments and had initial masses ranging from 50-150 mg.
Figure 3.5 shows the temperature dependence of the solubility of γ-LiBO2
in 1 x 10-6 M LiOH. Higher LiOH concentrations were investigated, but always
resulted in the complete dissolution of the crystal.

For these higher

concentrations, the solubility is simply greater than the mass of the crystal for the
temperature range employed. It is possible the solubility would be measurable for
such solvents at lower temperatures. No recrystallization of the solute crystal was
observed using the dilute LiOH mineralizer, and the favorable mechanical
properties already described for γ-LiBO2 resisted physical fracture during most
experiments. Experiments where the solute crystal broke apart were disregarded.
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Inset: Log (wt. % solubility) vs. 1/T for γ-LiBO2 in 1x10-6 M LiOH.

Figure 3.5: Temperature dependence of the solubility of γ-LiBO2 in 1x10-6 M LiOH.

The temperature dependence curve indicates that tetragonal lithium
metaborate maintains positive grade solubility from 450-600 °C.

This

dependence is roughly linear from 460-540 °C, increasing at a rate of
approximately 0.02 wt%/°C.

At temperatures above 540 °C the solubility

increases significantly and assumes an exponential shape.

For optimized

hydrothermal quartz growth, it has been suggested that solubility values of 1-5
wt% solubility are ideal.36 Those conditions are realized by γ-LiBO2 in 1 x 10-6
M LiOH for a wide temperature range. The magnitude of the solubility change
with temperature suggests that transport growth could be best achieved by
employing narrow temperature differentials at higher temperatures (above 540°C)
or wider temperature gradients for temperatures below 540 °C. Although these are
not rigorous thermodynamic solubility values, they provide valuable information
for the design of transport experiments for large single crystal production.
Reliable solubility data can often be used to approximate the enthalpy of
solution for a material. The heat of solution can be derived from the slope of the
log (wt% solubility) vs. 1/T plot. This process has been applied in several studies
of hydrothermal systems.37-39 The inset of Figure 3.5 is the plot of the log (wt%
solubility) vs. 1/T. The slope of this plot results in a calculated enthalpy of
solubility (heat of reaction of solid with mineralizer) of approximately 8.7
kcal/mol. This value is comparable to other compounds grown hydrothermally,
most notably KTP with a heat of solution of 6.7 kcal/mol.40
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Optimized Transport Growth of γ-LiBO2
Based on the promising results from the solubility study and
recrystallization experiments an intial transport growth experiment was designed
to demonstrate recrystallization of γ-LiBO2 onto a seed crystal in the floating
silver liner. This initial experiment had a temperature of 565°C in the dissolution
zone and 490°C in the growth zone and used 4 mL of 1x10-6M LiOH as a
mineralizer for 1 g of γ-LiBO2 feedstock. At the conclusion of the four day
growth period, the crystal grew nearly six times its original mass and at a rate of
1.2 mm/day in its longest dimension. However, the growth on the seed was
accompanied by the competitive growth of spontaneously nucleated crystals at the
top of the ampoule. In order to optimize the growth conditions and maximize the
growth rate on the seed crystal, the amount of competitive nucleation occurring
during transport should be minimized. In the author’s experience, this excessive
spontaneous nucleation tends to occur either when the overall weight percent
solubility is too high or the solubility difference caused by the temperature
gradient between the dissolution and growth zones is too great (in cases of lower
weight percent solubility).
To optimize the growth rate, the temperature gradient was varied while
holding the dissolution zone temperature constant at 565 °C. The amount of
feedstock and mineralizer remained the same as in the initial experiment. The
results are summarized in Figure 3.6 which shows the growth rate dependence on
temperature gradient at 565 °C and 535 °C dissolution zone temperatures. For all
gradients at 565 °C there was a significant amount of spontaneous nucleation that
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Figure 3.6: Growth rate of γ-LiBO2 in its maximum dimension.
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competed with the growth on the seed crystal primarily because of the high
overall weight percent solubility (approximately 5 weight percent from Figure
3.5).

This nucleation compromises the growth rate and complicates its

optimization. The complication is that although greater solubility differentials
can produce higher growth rates, they also tend to lead to more competitive
spontaneous nucleation, offsetting any significant benefit. This effect can be seen
by the curvature in the growth rate data at 565 °C in Figure 3.6. The solubility
differential produced by a temperature gradient of 55 °C is simply the best
compromise of solubility conditions affording fast growth with somewhat less
nucleation than at higher gradients, but a somewhat greater solubility differential
than at lower gradients. Here, 60% of the feedstock was converted to growth on
the seed crystal at a rate of nearly 1.6 mm/day in its maximum dimension. For the
remaining gradients of 40, 75 and 85 °C, the feedstock to seeded growth
conversion rates were 27%, 40% and 26%, respectively, by mass.
Growth was also studied at 535 °C, to see the effects of a lower overall
weight percent solubility (approximately 3 weight percent).

For wider

temperature gradients a significant amount of spontaneous nucleation was again
observed, comparable to the amount observed at 565 °C. The observed growth
rates for gradients of 55, 75 and 85 °C at 535 °C were about half that of the rates
observed at 565 °C because of the lower weight percent solubility and roughly
equivalent amount of spontaneous nucleation. However, when the temperature
difference was reduced to 40 °C, very little spontaneous nucleation accompanied
the growth, unlike the case for the same gradient at 565 °C. In fact, 80% of the
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feedstock was converted to seeded growth, occurring at a rate of 2.1 mm/day in
the longest dimension. This optimized rate is almost twice that of its counterpart
at 565 °C and makes possible the growth of centimeter-size crystals in less than
one week. These large single crystals are pictured in Figure 3.7.

Optical and Non Linear Optical Properties of γ-LiBO2
It is well known from band-edge calculations that tetrahedral [BO4]5groups exhibit the widest band gaps of any borate moiety.41 Since γ-LiBO2
contains only [BO4]5- tetrahedra in its borate structure it is particularly interesting
to study the optical transparency into the deep-UV region for this material. A
single crystal of γ-LiBO2 was cut and polished to a 3 mm path length for the
measurement. It was not cut to a specific crystallographic orientation. The
resulting optical transparency measurement is shown in Figure 3.8. The crystal
maintained greater than 50% transmittance for all wavelengths down to
approximately 135 nm.42 Such transparency corresponds to a band gap over 9 eV.
The exceptional transparency for γ-LiBO2 is consistent with the theoretical data
for isolated borate tetrahedra proposed by Chen. To our knowledge, the only
other borate-based material that can rival the transparency of γ-LiBO2 is SrB4O7,
with recent reports of transparency greater than 20% at 120 nm.43 A novel
hydrothermal route to SrB4O7 is mentioned briefly in Chapter 4.
The NLO properties of γ-LiBO2 were studied using the powder SHG
technique developed by Kurtz and Perry.44 Powder SHG measurements in Figure
3.9 indicate that γ-LiBO2 has a SHG profile characteristic of that of a non phase-
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Figure 3.7: Hydrothermally grown single crystals of γ-LiBO2
(on postage stamp for scale).
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Figure 3.8: Deep-UV transparency of γ-LiBO2.

Figure 3.9: Powder SHG profile of γ-LiBO2.
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matchable material. As the particle size analyzed increases beyond the coherence
length of the material, the observed SHG intensity decreases.

This is not

surprising for γ-LiBO2, since materials containing tetrahedral borates that lead to
wide band gaps generally have a small birefringence, lower than the 0.06 ≤ ∆n ≥
0.1 range optimum for phase matching. Its SHG coefficient is approximately 250
times that of a quartz standard and compares favorably to SrB4O7, which also
does not phase match. For average particle sizes of 45-63 μm, γ-LiBO2 possessed
a SHG intensity 80% of that of hydrothermal SrB4O7. Given the tetrahedral
nature of the NLO active borate group, the relatively high SHG intensity is
somewhat surprising. High SHG coefficients are usually associated with highly
polarizable microstructures with localized valence electrons, like those of a planar
[BO3]3- group.41 It is likely that the unusually high density for γ-LiBO2 produces
a “chromophore effect”, magnifying the SHG intensity by packing a large number
of borate groups per unit cell. The SHG intensity of LBO is only slightly higher
than γ-LiBO2 for particle sizes of 45-63 μm, but LBO has a phase-matchable
profile, making it a much more versatile NLO material.

Conclusions
The phase stability of lithium borates was studied for the first time in
aqueous basic solvents under moderate hydrothermal conditions.

Li2B4O7,

Li3B5O8(OH)2 and γ-LiBO2 were found to be stable compounds. The formation
of these borates was primarily directed by the Li/B ratio of the starting charge and
mineralizer. Only in the case of Li3B5O8(OH)2 was the formation directed by
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structural effects from the starting material.

Since γ-LiBO2 crystals are

noncentrosymmetric but only reported to grow as large as 1 mm using high
pressure flux methods, considerable effort was made to grow large crystals
hydrothermally and characterize their properties. Dilute LiOH (1 x 10-6 M) was
found to be an ideal solvent for the growth of large crystals of γ-LiBO2 by direct
recrystallization. Over the course of a solubility study it was found to have
prograde weight percent solubility between 2 and 5 percent, with an estimated
heat of solution of 8.7 kcal/mol. Optimized growth conditions were found by
adjusting the temperature and temperature differential between the growth and
feedstock zones to find the best balance of high solubility and minimum
spontaneous nucleation.

Because of the strong influence of spontaneous

nucleation on quenching the growth rate, ideal conditions suggested by the
solubility profile were not optimized growth conditions. Even so, fast growth was
observed under all experimental conditions, and a maximum growth rate of 2.1
mm/day was achieved. In terms of optical transparency, γ-LiBO2 has one of the
widest band gaps of any oxide-based material.

Although it has good SHG

intensity, γ-LiBO2 is non phase-matchable, limiting its capabilities as a deep-UV
NLO material. In light of their similar optical properties, it can be envisioned that
γ-LiBO2 and SrB4O7 may be suitable for the same specialized optical applications,
including ultrafast diagnostics of femtosecond pulses.45

Because of its

combination of hardness and transparency, tetragonal lithium metaborate could
also be used as a grit for grinding and polishing optical components with deepUV functionality.
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CHAPTER FOUR
HYDROTHERMAL CHEMISTRY OF BARIUM BORATES
Introduction
Much of the work in this chapter resulted from attempts to grow crystals
of β-BaB2O4 (BBO), a well-known non linear optical material.1 BBO possesses a
number of attractive optical properties that make it a good UV NLO material.
Most notably, these include a band gap of 189 nm, large birefringence (∆n = 0.110.12) and a NLO susceptibility of 2.2 pm/V.2-4 These properties make BBO
suitable for a number of frequency conversion applications including optical
parametric oscillation, second harmonic generation and sum frequency
generation.5 In spite of its band gap below 200 nm, generation of light with
wavelengths below 205 nm is extremely inefficient.6 Even so, BBO has become
the state of the art material for frequency doubling light to wavelengths as low as
205 nm. This ascension has been possible because a great amount of attention has
been devoted to developing crystal growth techniques to produce large crystals
that can be studied, cut and polished for use in devices. The most common
method for growing BBO crystals is the top seeded solution growth (TSSG)
method. While similar to Czochralski growth, in this technique BBO feedstock is
dissolved in a flux containing Na2O or NaF, and a single crystal is pulled from
this solution.7 The primary benefit of TSSG is that the flux depresses the melting
point of BBO, allowing it to be grown below 925 °C, the temperature at which the
low temperature β-BaB2O4 converts to the high temperature (centrosymmetric) α

phase. Czochralski growth of BBO is also possible from a stoichiometric melt.8
In this method, a wide temperature gradient must be employed at the seed/melt
interface to ensure direct crystallization of the β phase (not through a pathway
involving structural rearrangement of the α phase).
Although BBO grown by these methods is commercially available, there
are a few reasons to also pursue a hydrothermal growth method. The high thermal
gradient of the Czochralski method leads to cracked and thermally strained
crystals.9 TSSG eliminates this extremely wide gradient, but these crystals still
suffer from flux inclusions and grain boundaries caused by microscopic
twinning.10, 11 Thus, much of a BBO boule is discarded as scrap after the best
material is cut away. BBO crystals are also somewhat hygroscopic and must be
periodically replaced in solid-state devices, providing a constant need for BBO.
With BBO-based devices and a broad market already in place, there is great
interest in developing a convenient method to grow higher quality BBO crystals.
In

2002,

Giesber

made

several

attempts

to

synthesize

BBO

hydrothermally.12 Most of these experiments utilized a pre-made starting material
as the reaction charge. These starting materials were either a mixture of the α and
β phases of BaB2O4 or a borate glass.

Giesber studied the effects of low

concentration NaOH, NaF, LiF and CsF mineralizers, but never observed the
formation of BBO. Most often, BaB2O3(OH)2 was formed from NaOH, while
BaF2 crystals formed from the fluorides. An extension of this study is presented
in this chapter, with an emphasis placed on investigating more exotic mineralizers
and a wider range of mineralizer concentrations.
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As well as exploring the hydrothermal chemistry of BBO, the structural
chemistry of other alkaline earth metal borates is also explored here. Borates are
fascinating from a structural standpoint because of the wide variety of structures
that are observed. Boron can adopt either a three-fold (trigonal planar) or a fourfold (tetrahedral) coordination with oxygen, leading to a great number of anionic
polymeric borate groups including chains, rings, sheets and framework structures
in addition to isolated environments.13, 14 Because of this, the structural chemistry
of borates can exhibit more variety than even the silicates (of course, silicates
hold the edge in natural abundance).

This variety is expanded further by

considering protonation of oxygen atoms of borate groups. Protonation can occur
on oxygen atoms of both tetrahedral and triangular borate groups, although it is
slightly favored by the tetrahedral borates. Formal charge and bond strength
arguments show that oxygen atoms of tetrahedral borates have a formal charge of
-1.25, while those of triangular borates have a formal charge of -1. Thus, oxygen
atoms of tetrahedral groups are slightly stronger bases and more subject to
protonation.15 For complex polyanions, a bond valence approach can be taken to
assess the suitability of an oxygen atom for protonation.16 Using the bond valence
parameters of Brese and O’Keeffe, the most underbonded oxygen atom can be
located and, if sterically suitable, a hydrogen atom can be assigned to this oxygen
atom.17
Because of the complexity of these anionic borate groups, they are often
described simply by the number of triangular and tetrahedral units that comprise
them.

There are a number of shorthand conventions in use, but the simple
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notation of Christ and Clark is a suitable starting point.15 For example, the
[B5O6(OH)6]3- pentaborate fundamental building block consisting of two trigonal
planar borates and three tetrahedral borates can be expressed simply as: 2∆ + 3T.
This notation, however, does not accurately describe the sharing of borate
polyhedra by borate rings that could comprise the building block. Burns, et al.
designed another notation to accommodate this.18

The pentaborate is more

accurately described in shorthand as <∆2□>–<∆2□>, indicating that it is actually
two rings (each of which contains one triangular and two tetrahedral borate
polyhedra) that share one (the single dash) common borate polyhedron. This
notation is the most suitable for the structures in this chapter, since it
acknowledges ring linkages and can be extended to include borate groups or
chains that extend off the rings. As a final example, a three membered borate ring
(consisting of two tetrahedral borates and one triangular borate group) with a
triangular borate “decoration” is expressed as <∆2□>∆, where the triangular tail is
placed outside the brackets denoting the ring.
Using this concept of fundamental building blocks, Becker performed a
recent study of anhydrous borate structures to note the occurrences of these
different building blocks.19 She found that, by far, the most common borate anion
was the isolated triangle [BO3]3-, followed by the pyroborate [B2O5]4- and
pentaborate [B5O12]9- groups. Simpler borate building blocks are favored among
the anhydrous borates studied, as 90% of the building blocks contain fewer than
six borate units. A study of borate-based minerals by Hawthorne, Burns and
Grice showed that approximately 70% of naturally occurring borates (not
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including those where other oxyanions were present, such as borosilicates) also
possessed building blocks of fewer than six borate polyhedra.14

That study

included 86 borate minerals, 59 of which were hydrated borates. Because that
study emphasized hydrated borates, the structures presented in the current chapter
are more closely approximated by this work than that of Becker. The structures
of several novel hydrated barium borates are presented and their crystallography
discussed with an emphasis on their fundamental building blocks. Interestingly,
the novel hydrated borates synthesized in this chapter tend to have very large
fundamental borate building blocks, and represent unusual additions to the
growing discussion of borate crystal chemistry.

Hydrothermal Reactions of BBO
The current study aims to explore the possibility of recrystallizing BBO
from a starting charge comprised solely of BBO. Bulk pieces of BBO crystal
scrap were obtained from Coherent Crystal Associates for use as a starting
material.

Theoretically this monocomponent starting material should be the

easiest to recrystallize, since no combinatorial chemistry must be performed by
the mineralizer, only dissolution and precipitation. Since Giesber’s work was
confined to basic mineralizers, exploration of additional mineralizers including
weakly acidic mineralizers as solvents for the recrystallization of BBO holds
interest. All experiments were performed in 0.25” o.d. silver ampoules using 0.1
g of BBO as the feedstock and 0.4 mL of mineralizer. A summary of the
reactions performed at 565 °C and their products is presented in Figure 4.1.
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0-4M NaOH

BaB2O3(OH)2

BaB2O3(OH)2 +
Ba2B5O9(OH)

BaF2
BaF2

BaB2O3(OH)2 +
Ba2B5O9Cl

1-2M BaCl

BaB2O3(OH)2 +
Ba2B5O9Cl

4-10M NaOH

BaBO2(OH)

γ-LiBO2

1-5M NaCl

0-4M NaOH + B 2O3

1-4M LiOH

β-BaB2 O4

1-4M KF
0.5-2M NH4Cl
0.5-2M KHF2
1-2M NH4F

Ba2B5O9Cl

BaF2 +
NH4B5O6(OH)4•2H2O

Figure 4.1: BBO reaction summary at 565 °C and 20 kpsi.
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Hydroxide mineralizers reacted with BBO to form the hydrated borates
BaB2O3(OH)2 and BaBO2(OH), the structures of which were reported by
Giesber.12 When boron oxide was added to the BBO charge, a novel hydrated
borate, Ba2B5O9(OH) was formed alongside BaB2O3(OH)2.

An alternate

synthesis and the structure of this new compound are discussed later in this
chapter. Based on the results from the previous chapter, it is no surprise that γLiBO2 formed readily when LiOH of any concentration was used as the
mineralizer. BaF2 was the favored phase crystallized by all fluoride mineralizers,
although NH4F also permitted the formation of NH4B5O6(OH)4•2H2O.

This

material crystallizes in the acentric Aba2 space group, and large crystals had been
previously grown from aqueous solutions at 45 °C.20, 21 Even so, crystals of this
compound are unlikely to find widespread use as a NLO material because of their
poor thermal stability.
BaCl2 and NaCl mineralizers produced BaB2O3(OH)2 as a primary product
with Ba2B5O9Cl identified by powder x-ray diffraction as a secondary phase.
This haloborate was crystallized in 90% yield when the weakly acidic NH4Cl
mineralizer was used. Colorless tabular crystals up to 3.5 x 1.5 x 1 mm3 in size
were obtained from 1 M NH4Cl with little to no silver attack (silver ampoules
from experiments with higher concentrations showed significant attack).
Regardless of the temperature, pressure or mineralizer combinations explored,
BBO was never recrystallized.
Ba2B5O9Cl is worth examining in a little more detail.

The crystals

described above were identified by matching powder and single crystal x-ray data
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to the published structure.22 The product was also differentiated from a known
hydrated phase (Ba2B5O9Cl•0.5H2O) by noting an absence of weight loss during
thermal analysis.23 The structure of Ba2B5O9Cl is based on the mineral hilgardite
(Ca2B5O9Cl•H2O).24 Although the two compounds crystallize in different space
groups (Pnn2 for Ba2B5O9Cl and P1 for Ca2B5O9Cl•H2O), they both possess a
zeolite-like framework of pentaborate [B5O12]9- chains. These chains can be
right-handed or left-handed and exist in layers along [010] and [001]. The slight
difference between the two respective structures is that the natural hilgardite has
right or left-handed chains within a layer, while Ba2B5O9Cl has right and lefthanded chains within a layer.23

Ultimately, this leads to a much larger

orthorhombic unit cell (V = 900.6 Å3) for Ba2B5O9Cl versus the primitive cell of
hilgardite (V = 204.9 Å3).
M2B5O9X (M = Ca, Sr, Ba, Pb; X = Cl, Br; all combinations are
isostructural)

powders

have

primarily

been

investigated

for

their

photoluminescence properties when doped with an appropriate activator ion such
as Sm2+ or Eu2+. Ba2B5O9Cl:Sm has been proposed as a suitable phosphor for
neutron detection and x-ray imaging.25 Phosphors of Ba2B5O9Cl:Eu have been
shown to photoluminesce a narrow emission at 416 nm that is ideal for the
phototherapeutic treatment of hyperbilirubinemia without the use of a UV lamp.26
Since the Pnn2 space group lacks a center of symmetry, these haloborates could
also possess some interesting physical and non linear optical properties. This has
not been studied extensively, but one preliminary report suggests that all
M2B5O9X (M = Ca, Sr, Ba, Pb; X = Cl, Br) compounds are phase matchable with
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high powder NLO susceptibilities.27

Exact quantitative values were not

previously reported.
This potential as a phase-matchable NLO material presents a need to grow
large single crystals for advanced measurements. To the author’s knowledge,
there have been no previous reports of Ba2B5O9Cl crystals larger than those
obtained by spontaneous nucleation in this study. Therefore, a proof of concept
transport growth experiment was designed using the largest crystal as a seed and
the remaining smaller crystals as feedstock. Using 0.5 M NH4Cl as a mineralizer
with a dissolution zone temperature of 565 °C and a growth zone temperature of
500 °C, Ba2B5O9Cl was successfully grown at a rate of 0.18 mm/day. The
resulting crystal was 6.7 mm long in its longest direction and maintained the
tabular habit of the seed crystal. The seed and finished crystals are shown in
Figure 4.2. This simple experiment demonstrates that Ba2B5O9Cl is congruently
saturating and maintains positive grade solubility in 0.5 M NH4Cl and should
open the door for future hydrothermal exploration of the growth and properties of
haloborates.

Direct Synthesis of Hydrated Alkaline Earth Metal Borates
Because BBO was found to be incongruently saturating in all
hydrothermal solvents explored, a direct synthetic approach was taken toward its
crystallization. In addition to initial attempts at recrystallization of BBO, Giesber
also performed a few direct synthetic experiments using B2O3 and Ba(OH)2
starting materials.12 This work used a fixed Ba:B ratio of 1:2 in the starting
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Figure 4.2: Seed (top) and finished (bottom) Ba2B5O9Cl crystals
grown hydrothermally.

80

charge, just as it is in BBO. The mineralizer was then varied and a number of
different products were observed, none of them BBO. The product that appeared
closest in composition to BBO was BaB2O3(OH)2 which crystallized from 1 M
NaOH. Based on this result, the current study was designed to explore the
influence of changing the Ba:B ratio of the starting charge with a 1 M NaOH
mineralizer. All work was done in 0.25” o.d. silver ampoules with 0.4 mL of 1 M
NaOH (0.4 mmol) at 565 °C and 20 kpsi. Boron was introduced in the starting
charge as H3BO3, B2O3 or (NH4)2B10O16•8H2O.

(NH4)2B10O16•8H2O was

necessary in order to explore very boron heavy starting charges, since the poor
packing densities of boron oxide and boric acid made the silver ampoules
impossible to seal when large amounts were used. The products were identified
using powder and single crystal x-ray diffraction. The crystal structures of the
novel compounds encountered are discussed in detail later. The study was also
extended to include analogous experiments using strontium as the alkaline earth
metal to verify the work of Giesber and search for related structures. Here,
Sr(OH)2 was used as the alkaline earth metal source. A combined summary of the
Ba and Sr studies is shown in Figure 4.3.
For Sr, only two products were encountered over the course of the survey.
In most cases, the product was Sr2B5O9(OH), the structure of which was
determined by Giesber in his initial study of the hydrated alkaline earth metal
borates.12 It crystallizes in the centrosymmetric monoclinic P21/c space group,
and forms as needles and tabular crystals up to 3 mm in length.
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H3BO3

Sr2B5O9(OH)
Sr2B5O9(OH)
Sr2B5O9(OH)

Ba:B = 1.7:1

H3BO3
Sr:B = 1.7:1

B2O3
Ba:B = 1:1

B2O3
Sr:B = 1:1

B2O3

B2O3

Ba:B = 1:2

Sr2B5O9(OH)

BaB2O3(OH)2

Ba(OH2)
(NH4)2B10O16•8H2O

SrB4O7

BaB2O3(OH)2

Sr:B = 1:2

Sr(OH2)

Sr2B5O9(OH)

BaB2O3(OH)2

Ba:B = 1:7.3

(NH4)2B10O16•8H2O
Sr:B = 1:7.3

(NH4)2B10O16•8H2O
Ba:B = 1:14.6

(NH4)2B10O16•8H2O
Sr:B = 1:14.6

(NH4)2B10O16•8H2O
Ba:B = 1:29.2

(NH4)2B10O16•8H2O
Sr:B = 1:29.2

K2B4O7•4H2O, H3BO3
Ba:B = 1:37.1

Ba2B5O9(OH)
Ba3B12O20(OH)2
Ba2B7O12(OH)
Ba3B6O11(OH)2

Figure 4.3: Summary of direct hydrothermal syntheses of hydrated borates.
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A second product, SrB4O7, formed only when the Sr:B ratio was 1:14.6.
SrB4O7 crystallizes in the acentric space group Pnm21, and its linear and non
linear optical properties have been characterized.28, 29 Until now, it has only been
grown using Czochralski and Kyropoulos methods, but the hydrothermal
synthesis presented here produced crystals up to 1.5 mm in size. It is possible that
growth experiments could be designed around this material, should melt-grown
crystals prove unsuitable for potential applications.
The descriptive chemistry of reactions in the Ba system was much more
interesting, and thorough single crystal x-ray diffraction studies were performed
on the products of each reaction. For reactions having Ba:B ratios where Ba was
in excess or when B was in slight excess (such as the 1:2 ratio investigated by
Giesber) BaB2O3(OH)2 crystallized as needles up to 2 mm in size. Changing the
Ba:B ratio to 1:7.3 produced 2 mm long needles this time determined to be a
novel hydrated borate Ba2B5O9(OH). Isostructural with Sr2B5O9(OH), the Ba
analog crystallized from a specific charge of 90 mg (0.17 mmol)
(NH4)2B10O16•8H2O (Alfa Aesar, 99.9%) and 40 mg (0.23 mmol) Ba(OH)2•H2O
(Aldrich, 99.9%). Yield of the clear, colorless needles was approximately 90%.
Doubling the amount of (NH4)2B10O16•8H2O (to get a Ba:B ratio of 1:14.6) in the
charge led to the formation of a different product, Ba3B12O20(OH)2. This novel
borate grew as clear, colorless polyhedral crystals up to 3 mm in size and
crystallized in the P21/n space group.

These large polyhedra formed in

approximately 85% yield. A third novel barium borate was obtained by cutting
the amount of Ba(OH)2•H2O in half over the previous reaction to give a 1:29.2
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Ba:B ratio. Thus, for this reaction 180 mg (0.33 mmol) of (NH4)2B10O16•8H2O
and 20 mg (0.11 mmol) of Ba(OH)2•H2O were used. Large, colorless plates were
formed and characterized as Ba2B7O12(OH). While still centrosymmetric, these
crystals belong to the C-centered monoclinic space group C2/c. The percent yield
was again 90% for this reaction. Finally, a Ba:B ratio of 1:37.1 was explored
using a starting charge of 260 mg (0.86 mmol) K2B4O7•4H2O, 20 mg (0.32 mmol)
H3BO3 and 10 mg (0.055 mmol) Ba(OH)2•H2O. Clear, colorless needles up to 1.5
mm in size were formed in approximately 95% yield. Crystals were determined
to be Ba3B6O11(OH)2, crystallizing in the acentric monoclinic space group Pc.
Because of the propensity of these hydrated phases to crystallize (and
crystallize as large crystals), it was quite apparent that BBO was not accessible
hydrothermally. To be sure, these experiments were also performed at 400 °C,
with identical results. Also, reactions resulting in BaB2O3(OH)2 were repeated at
670 °C to try to thermodynamically drive the formation of BBO instead of the
compositionally similar hydrated borate. In spite of the high temperatures, the
aqueous environment again stabilized the hydrate. It is not surprising that BBO
resists formation from aqueous media, since one of the primary problems with
BBO as a NLO crystal is its hygroscopicity. Clearly, BBO has an unfavorable
interaction with water that is bypassed by melt growth techniques which remain
the best available growth option.
Although the effort to crystallize BBO was unsuccessful, the hydrated
borates offer some rich descriptive structural chemistry. It is interesting that there
is so much greater variety among barium borates than there is for strontium
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borates synthesized by this scheme. This is likely due to the larger ionic radius of
Ba which leads to longer Ba-O bond distances. This longer spacing permits the
formation of more complex borate structural building blocks. Their complexity
will now be discussed in the context of the crystal structures of Ba2B5O9(OH),
Ba3B12O20(OH)2, Ba2B7O12(OH) and Ba3B6O11(OH)2.

The Crystal Structure of Ba2B5O9(OH)
The structure of Ba2B5O9(OH) was determined in the monoclinic space
group P21/c having unit cell parameters of a = 6.6330(13), b = 8.6250(17), c =
14.680(3) and β = 93.46(3). Consecutive refinements resulted in an R-factor of
0.0246. Table 4.1 contains crystallographic data for each of the novel barium
borates in this chapter. The bond distances and angles of Ba2B5O9(OH) are listed
in Tables 4.2 and 4.3. This structure contains three tetrahedral and two triangular
borate units with average B-O bond distances of 1.37 Å and 1.48 Å for the
triangular and tetrahedral groups, respectively.

These values are in good

agreement with accepted values of 1.37 Å and 1.46 Å reported in the literature.14
A closer look at the tetrahedral borates shows that they are each noticeably
distorted in one of their B-O bond distances. Most often (B3 and B5) this
involves an oxygen atom that bridges the tetrahedral boron with a triangularly
coordinated boron atom. In these cases the triangular boron contributes a greater
valence toward the oxygen atom, pulling it farther away from the tetrahedral
boron. In a final case (B4), the B-O distance is lengthened because of a reduced
attractive force between the boron atom and a protonated oxygen atom (O10).
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Table 4.1
Crystallographic Data of Novel Hydrated Barium Borates
Emp. Form.
F.W.
Space group

Ba2B5O9(OH)
489.73
P21/c (no. 14)

Ba3B12O20(OH)2
895.74
P21/n (no. 14)

Ba2B7O12(OH)
559.35
C2/c (no. 15)

Ba3B6O11(OH)2
686.88
Pc (no. 7)

a, Å
b, Å
c, Å
β, °
V, Å3
Z
Dcalc, Mg/m3

6.6330(13)
8.6250(17)
14.680(3)
93.46(3)
838.3(3)
4
3.880

10.617(2)
7.0250(14)
11.312(2)
98.97(3)
833.4(3)
2
3.570

9.3092(19)
10.929(2)
18.958(4)
101.77(3)
1888.2(7)
8
3.935

6.9580(14)
7.0240(14)
11.346(2)
90.10(3)
554.51(19)
2
4.114

Parameters
μ, mm-1
Trans. Range
2θ range, °
Reflections
Collected
Independent
Observed
R merge

156
9.380
0.648-1.00
2.74 – 26.37

171
7.139
0.618-1.00
2.86 – 26.38

201
8.376
0.439-1.00
2.19 – 26.37

195
10.609
0.653-1.00
2.90 – 25.66

7752
1710
1697
0.0347

7721
1699
1681
0.0373

8430
1903
1850
0.0443

4734
2030
2004
0.0372

0.0242
0.0585

0.0194
0.0469

0.0275
0.0651

0.0253
0.0612

0.0246
0.0588

0.0199
0.0472

0.0286
0.0657

0.0260
0.0616

N/A
1.267

N/A
1.169

N/A
1.214

0.41(9)
1.094

1.28

0.68

1.35

0.78

-1.32

-0.83

-1.94

-1.04

Final R
(obs. data)a
R1
wR2
Final R
(all data)
R1
wR2
Flack Param.
Goodness of
fit on F2
Largest diff.
peak, e/Å3
Largest diff.
hole, e/Å3
a

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2

86

Table 4.2
Selected Bond Distances (Å) and Angles (°) for Ba2B5O9(OH)

[BO3] triangles
B1
O1
O2 9
O3

Distance
1.356 (6)
1.352 (6)
1.390 (6)

O-B1-O
O1-B1-O2 9
O1-B1-O3
O2 1-B1-O3

Angles
124.7 (4)
115.2 (4)
120.1 (4)

B2
O3 10
O4
O5 10

Distance
1.406 (6)
1.376 (6)
1.331 (6)

O-B2-O
O3 10-B2-O4
O3 10-B2-O5 10
O4-B2-O5 10

Angles
116.6 (4)
120.3 (4)
123.1 (4)

[BO4] tetrahedra
B3
O2
O4
O6 7
O7

Distance
1.547 (5)
1.481 (6)
1.452 (6)
1.437 (6)

O-B3-O
O2-B3-O7
O4-B3-O7
O6 7-B3-O7

Angles
107.3 (3)
111.3 (4)
113.7 (4)

B4
O7
O8 1
O9 7
O10 6

Distance
1.447 (6)
1.482 (6)
1.468 (6)
1.527 (6)

O-B4-O
O7-B4-O8 1
O7-B4-O9 7
O7-B4-O10 6

Angles
107.6 (4)
113.4 (4)
109.9 (4)

B5
O1 2
O6
O8
O9

Distance
1.562 (6)
1.458 (5)
1.450 (6)
1.449 (6)

O-B5-O
O1 2-B5-O9
O6-B5-O9
O8-B5-O9

Angles
108.5 (4)
113.3 (4)
111.4 (4)

Symmetry codes: 1 x-1, y, z; 2 –x+1, -y, -z+1; 3 –x+1, y-1/2, -z+3/2; 4 x-1, -y+1/2, z+1/2; 5 x+1, y,
z; 6 –x, y-1/2, -z+3/2; 7 –x, y+1/2, -z+3/2; 8 –x+1, y+1/2, -z+3/2; 9 x, -y+1/2, z-1/2; 10 x, -y+1/2,
z+1/2; 11 x+1, -y+1/2, z-1/2.
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Table 4.3
Selected Bond Distances (Å) and Angles (°) about Ba Atoms in Ba2B5O9(OH)

[BaO9] polyhedra
Ba1
O1
O1 2
O3
O4 11
O5 5
O6
O8
O9 8
O10

Distance
3.109 (3)
2.801 (3)
2.669 (4)
2.683 (3)
2.868 (4)
2.870 (3)
3.046 (4)
2.618 (3)
2.668 (4)

O-Ba1-O
O1-Ba1-O9 8
O1 2-Ba1-O9 8
O3-Ba1-O9 8
O4 11-Ba1-O9 8
O5 5-Ba1-O9 8
O6-Ba1-O9 8
O8-Ba1-O9 8
O9 8-Ba1-O10

Angles
153.7 (1)
98.3 (1)
107.3 (1)
142.3 (1)
92.1 (1)
68.6 (1)
50.3 (1)
88.4 (1)

Ba2
O2
O2 6
O5
O5 6
O6
O7
O8 1
O9 8
O10 3

Distance
2.837 (3)
2.736 (3)
2.767 (3)
2.846 (4)
2.752 (3)
2.755 (3)
2.791 (3)
3.008 (3)
2.913 (4)

O-Ba2-O
O2-Ba2-O2 6
O2 6-Ba2-O5
O2 6-Ba2-O5 6
O2 6-Ba2-O6
O2 6-Ba2-O7
O2 6-Ba2-O8 1
O2 6-Ba2-O9 8
O2 6-Ba2-O10 3

Angles
152.9 (1)
79.3 (1)
74.5 (1)
51.6 (1)
123.6 (1)
73.2 (1)
114.3 (1)
115.8 (1)

Symmetry codes: 1 x-1, y, z; 2 –x+1, -y, -z+1; 3 –x+1, y-1/2, -z+3/2; 4 x-1, -y+1/2, z+1/2; 5 x+1, y,
z; 6 –x, y-1/2, -z+3/2; 7 –x, y+1/2, -z+3/2; 8 –x+1, y+1/2, -z+3/2; 9 x, -y+1/2, z-1/2; 10 x, -y+1/2,
z+1/2; 11 x+1, -y+1/2, z-1/2.
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While this material resembles a hilgardite-type compound in its
composition and number of triangular and tetrahedral borate units, slight
differences in the borate fundamental building block (FBB) differentiate the two
structures.24 The FBB of Ba2B5O9(OH) consists of two approximately orthogonal
interlocking rings sharing a common borate tetrahedron, forming a [B5O11(OH)]8unit. This is shown in Figure 4.4 which pictures the extended asymmetric unit as
50% probability thermal ellipsoids. Using the notation discussed earlier, this
building block can be expressed as <2∆□>–<3□>, indicating that the rings are
non-identical. This differs from the hilgardite structure that has the classical
pentaborate [B5O12]9- building block consisting of two identical rings <∆2□>–
<∆2□>. The two building blocks are compared in Figure 4.5. The slightly
different ring structures lead to a different overall polymerization of the building
blocks.
In hilgardite, infinite chains of building blocks are connected in all
directions to form a zeolite-like framework. Chains of [B5O11(OH)]8- groups in
Ba2B5O9(OH) are connected only along the a and b axes. Infinite chains are
formed along [100] through B1-O1-B5 and B5-O6-B3 linkages where B1 is
triangular and B3 and B5 are tetrahedral units.

Connectivity by B4-O8-B5

tetrahedral borate linkages forms the infinite chains along [010]. These chains
form sheets that are connected to neighboring sheets along the c-axis by Ba
atoms, not B-O bonding (as in hilgardite). In connecting the sheets, Ba1 and Ba2
are both 9-coordinate with oxygen, having bond distances ranging from 2.62-3.10
Å.
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Figure 4.4: Extended asymmetric unit of Ba2B5O9(OH).
(as 50% probability thermal ellipsoids)
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O
H
B

Figure 4.5: Comparison of borate FBBs of Ba2B5O9(OH) (top)
and hilgardite (bottom).
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In spite of these differences, Ba2B5O9(OH) exhibits voids along the a and
b axes similar to the framework of hilgardite. Ba atoms reside in the channels
along the b-axis, while the hydrogen atom of the FBB extends into the voids
along the a-axis (Figure 4.6). The hydrogen atom was located by first identifying
O10 as a severely underbonded oxygen atom (1.20 v.u.). O10 was also deemed
sterically suitable, as it only possesses three bonds to other atoms.

During

structure refinement a small amount of electron density was located 0.93 Å away
from O10, filling out an approximate tetrahedron about that atom. Given these
conditions, the hydrogen atom (H10) was assigned to O10.
Burns and Hawthorne have extensively studied the hydrogen bonding in
the

borate-based

minerals

colemanite,

meyerhofferite,

preobrazhenskite,

inderborite, kaliborite and tunnellite, finding the optimum O-H distance to be
between 0.90 and 0.97 Å.30-35 As such, H10 was constrained to a distance of 0.93
Å from O10, but allowed to rotate about the oxygen atom. This prevented the OH bond distance from becoming unreasonably short during subsequent
refinements. Since there are no other oxygen atoms within a reasonable distance
of H10, there is no extended hydrogen bonding in the structure.

Atomic

coordinates of all atoms in Ba2B5O9(OH) can be found in Table B.1 of Appendix
B.
Infrared spectroscopy was used to verify the nature of the borate groups
and the presence of hydroxide in the structure. Three main peaks are visible in
the spectrum shown in Figure 4.7. The B-O asymmetric stretching vibrations are
the most prominent vibrational modes in the infrared spectra of borates. The peak
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O
H
B
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Ba

O2

O
H
B

b
c
Figure 4.6: Ba2B5O9(OH) supercell viewed along [010] (top) and [100] (bottom).
Ba atoms are removed from the [010] view to more clearly show the voids.
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Figure 4.7: IR spectrum of Ba2B5O9(OH).
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at 1394 cm-1 corresponds to triangular borate groups in the presence of tetrahedral
borate groups, while the peak centered at 930 cm-1 arises from tetrahedral borate
groups in the presence of triangular borates.36, 37 The presence of the hydroxide
group is confirmed by the broad absorption band at 3453 cm-1.
Because all the following hydrated barium borates also possess these
features, Figure 4.7 serves as a representative spectrum. While small differences
in peak position are noted, inclusion of an infrared spectrum for each is not
necessary. TGA was also used to verify hydration. A gradual weight loss of
3.8% was observed up to 700 °C corresponding to the loss of 0.5 H2O (1.8%) and
surface water.

The Crystal Structure of Ba3B12O20(OH)2
Ba3B12O20(OH)2 crystallizes in P21/n with the unit cell parameters a =
10.617(2), b = 7.0250(14), c = 11.312(2) and β = 98.97(3). The structure was
refined to a very reliable R-factor of 0.0199 for all data. The reader is referred to
Table 4.1 for complete crystallographic data. The fundamental building block of
this material is slightly more complex than that of Ba2B5O9(OH) and can be
discerned from the asymmetric unit shown in Figure 4.8 as 50% probability
thermal ellipsoids. The borate structure again consists of two interlocking rings
that form a pentaborate, but also possesses a triangular “decoration” or “tail” that
is corner sharing with an oxygen atom of tetrahedral borate unit forming a
[B6O13(OH)]9- FBB.
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Figure 4.8: Extended asymmetric unit of Ba3B12O20(OH)2.
(as 50% probability thermal ellipsoids)
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The overall notation for this FBB is <∆2□>–<∆2□>∆. From this notation,
it is clear that the pentaborate portion of the Ba3B12O20(OH)2 FBB more closely
resembles the classic pentaborate of hilgardite (with orthogonal triangular borates
on each ring) than that of Ba2B5O9(OH) (having coplanar triangular borates in one
ring only). The rings again interlock by means of a common tetrahedral borate
unit.
An inspection of the B-O bond distances in Ba3B12O20(OH)2 (Tables 4.4
and 4.5 list bond distances and angles) shows only very slight distortion on some
of the tetrahedral borate units. Once again, this distortion is due to bridging
effects between tetrahedral and triangular boron atoms.

The average B-O

distances were identical to ideal distances of 1.37 Å for triangular borates and
1.48 Å for tetrahedral borates. The [B6O13(OH)]9- building blocks connect to
form chains in two directions resulting in an overall sheet structure.

Chain

connectivity occurs along [100] through B5-O11-B6 and B2-O4-B3 interactions
shown in Figure 4.9.

Chains are also formed by connectivity through the

triangular tail with B1-O1-B6 linkages completing the sheet structure. Unlike the
sheets in Ba2B5O9(OH) which are perpendicular to the c-axis, these sheets are
oriented along the (012) Miller plane. Sheets are again connected to neighboring
sheets related by translational symmetry only by Ba-O bonding.

Ba1 is 9-

coordinate with oxygen, while Ba2 is 8-coordinate. Ba1 and Ba2 are edge sharing
with each other. Ba2 is the only atom in the structure that occupies a special
position (2a Wyckoff position). Complete atomic coordinates are found in Table
B.2 of Appendix B.
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Table 4.4
Selected Bond Distances (Å) and Angles (°) for Ba3B12O20(OH)2

[BO3] triangles
B1
O1 4
O2 8
O3

Distance
1.349 (4)
1.391 (4)
1.361 (4)

O-B1-O
O1 4-B1-O2 8
O1 4-B1-O3
O2 8-B1-O3

Angles
118.8 (3)
123.5 (3)
117.6 (3)

B3
O4
O5 5
O7 3

Distance
1.377 (4)
1.362 (4)
1.370 (4)

O-B3-O
O4-B3-O5 5
O4-B3-O7 3
O5 5-B3-O7 3

Angles
122.1 (3)
115.8 (3)
122.1 (3)

B5
O8
O10 6
O11 5

Distance
1.346 (4)
1.369 (4)
1.370 (4)

O-B3-O
O8-B3-O10 6
O8-B3-O11 5
O10 6-B3-O11 5

Angles
121.0 (3)
124.1 (3)
114.8 (3)

[BO4] tetrahedra
B2
O3 4
O4
O5 3
O6 5

Distance
1.500 (4)
1.457 (4)
1.495 (4)
1.438 (4)

O-B2-O
O3 4-B2-O6 5
O4-B2-O6 5
O5 3-B2-O6 5

Angles
107.6 (2)
112.6 (3)
111.4 (3)

B4
O6
O7 9
O8
O9 2

Distance
1.453 (4)
1.512(4)
1.508 (4)
1.458 (4)

O-B4-O
O6-B4-O7 9
O6-B4-O8
O6-B4-O9 2

Angles
111.0 (3)
107.6 (2)
110.4 (2)

B6
O1 7
O9
O10 7
O11

Distance
1.461 (4)
1.458 (4)
1.469 (4)
1.487 (4)

O-B6-O
O1 7-B6-O9
O9-B6-O10 7
O9-B6-O11

Angles
115.0 (3)
113.0 (3)
104.5 (2)

Symmetry codes: 1 x+2, -y, -z+1; 2 –x+2, -y+1, -z+1; 3 –x+2, -y, -z+2; 4 –x+3/2, y-1/2, -z+3/2; 5 x1/2, -y+1/2, z+1/2; 6 –x+3/2, y+1/2, -z+3/2; 7 x+1/2, -y+1/2, z-1/2; 8 x-1/2, -y+1/2, z-1/2; 9 x, y+1,
z; 10 x+1/2, -y+1/2, z+1/2; 11 x, y-1, z.
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Table 4.5
Selected Bond Distances (Å) and Angles (°) about Ba Atoms in Ba3B12O20(OH)2

[BaO9] polyhedron
Ba1
O2
O3
O5
O6
O6 2
O7
O8
O9
O11 1

Distance
2.983 (2)
2.785 (3)
2.774 (3)
2.704 (2)
3.076 (2)
3.007 (2)
3.004 (2)
2.716 (2)
2.832 (2)

O-Ba1-O
O2-Ba1-O6
O3-Ba1-O6
O5-Ba1-O6
O6-Ba1-O6 2
O6-Ba1-O7
O6-Ba1-O8
O6-Ba1-O9
O6-Ba1-O11 1

Angles
76.6 (1)
102.9 (1)
76.4 (1)
66.3 (1)
146.2 (1)
49.1 (1)
83.4 (1)
138.9 (1)

O-Ba2-O
O2-Ba2-O4
O2 3-Ba2-O4
O4-Ba2-O4 3
O4-Ba2-O7
O4-Ba2-O7 3
O4-Ba2-O10
O4-Ba2-O10 3

Angles
115.4 (1)
64.6 (1)
180.0 (0)
133.2 (1)
46.8 (1)
69.2 (1)
110.8 (1)

[BaO8] polyhedron
Ba2
O2
O2 3
O4
O4 3
O7
O7 3
O10
O10 3

Distance
2.813 (3)
2.813 (3)
2.803 (2)
2.803 (2)
3.031 (2)
3.031 (2)
2.869 (2)
2.869 (2)

Symmetry codes: 1 x+2, -y, -z+1; 2 –x+2, -y+1, -z+1; 3 –x+2, -y, -z+2; 4 –x+3/2, y-1/2, -z+3/2; 5 x1/2, -y+1/2, z+1/2; 6 –x+3/2, y+1/2, -z+3/2; 7 x+1/2, -y+1/2, z-1/2; 8 x-1/2, -y+1/2, z-1/2; 9 x, y+1,
z; 10 x+1/2, -y+1/2, z+1/2; 11 x, y-1, z.
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Figure 4.9: Chain formation along [100] in Ba3B12O20(OH)2, viewed slightly off [001].
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The borate structure has large voids along [010] that are occupied by Ba2
atoms and the hydrogen atom in the structure, which protrudes from O10 into the
void. Figure 4.10 offers the best view of these features. This view also clearly
shows that bonding between the borate sheets is limited to Ba-O bonding.
This structure also differs from Ba2B5O9(OH) in that there appear to be
favorable conditions for hydrogen bonding across the b-axis voids between O10
and O2. H10 was assigned to O10 based on residual electron density found 1.00
Å from O10 in a sterically favorable location.

According to Burns and

Hawthorne, hydrogen bonding is typified by O-O distances of about 3 Å.30-35
This is realized by the O10-H10-O2 linkage having an additive distance of 3.03
Å. At 150.9°, O10-H10-O2 bond angle is also well within the acceptable range
for hydrogen bonding.
The infrared spectrum of Ba3B12O20(OH)2 verifies the presence of the
hydroxide group (3394 cm-1) as well as triangular borates (1323 cm-1) and
tetrahedral borates (946 cm-1) in a mixed borate environment. TGA also showed
a weight loss of 3.2% up to 700 °C comprised of surface water and H2O evolved
from decomposition of the hydroxide groups (2.0% theoretical loss).

The Crystal Structure of Ba2B7O12(OH)
Ba2B7O12(OH) was the most complex crystal structure encountered in this
study, having borate connectivity that extended in all three crystallographic
directions to form a framework structure. The structure solution was obtained in
the C2/c space group with a = 9.3092(19), b = 10.929(2), c = 18.958(4) and β =
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Figure 4.10: Extended unit cell of Ba3B12O20(OH)2 viewed slightly off [010].
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101.77(3). The final R-factor for the structure refinement was 0.0286 for all data.
The reader is once again referred to Table 4.1 for complete crystallographic data.
Bond distances and angles specific to this compound are found in Tables 4.6 and
4.7 and its atomic coordinates are listed in Table B.3 in Appendix B. As before
the average B-O bond distances are identical to their expected values and there
are only very slight distortions caused by bridging between tetrahedral and
triangular borate units.
The FBB is shown as a part of the extended asymmetric unit in Figure
4.11 and is based on that of the previous structure, Ba3B12O20(OH)2. It again
consists of interlocking rings that form a pentaborate [B5O11(OH)]6- arrangement,
but the tail has been extended to include a borate tetrahedron as well as the
triangle seen before.

This gives rise to an overall building block of

[B7O16(OH)]12- that can be expressed as <∆2□>–<∆2□>∆□.
polymerize to form sheets perpendicular to [100].

The FBBs

These sheets are then

connected along [100] to complete the framework structure. All of the key B-O-B
connections that complete the framework involve the elongated tail that is
afforded by the more complex FBB of Ba2B7O12(OH). Figure 4.12 illustrates the
connectivity along [010] and [001] that leads to the sheet formation. Chains of
FBBs extend by means of tail to head linking along [010] through B1-O2-B6
bonding. These chains are held together along [001] by B2-O5-B7 and B1-O3-B3
bonding, completing the sheets.
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Table 4.6
Selected Bond Distances (Å) and Angles (°) for Ba2B7O12(OH)
[BO3] triangles
B2
O4
O5 1
O6 1

Distance
1.360 (6)
1.379 (6)
1.394 (6)

O-B2-O
O4-B2-O5 1
O4-B2-O6 1
O5 1-B2-O6 1

Angles
124.6 (4)
117.8 (4)
117.6 (4)

B4
O1
O7
O9 5

Distance
1.360 (6)
1.358 (6)
1.369 (6)

O-B4-O
O1-B4-O7
O1-B4-O9
O7-B4-O9 5

Angles
118.2 (4)
120.6 (4)
121.1 (4)

B6
O2
O11
O12 11

Distance
1.366 (6)
1.362 (6)
1.383 (6)

O-B6-O
O2-B6-O11
O2-B6-O12 11
O11-B6-O12 11

Angles
125.4 (4)
112.4 (4)
122.2 (4)

[BO4] tetrahedra
B1
O1 4
O2 4
O3
O4

Distance
1.490 (6)
1.479 (6)
1.440 (6)
1.486 (5)

O-B1-O
O1 4-B1-O3
O2 4-B1-O3
O3-B1-O4

Angles
110.7 (4)
111.4 (4)
107.6 (4)

B3
O3
O6 2
O7 1
O8

Distance
1.462 (6)
1.508 (6)
1.471 (6)
1.465 (5)

O-B3-O
O3-B3-O6 2
O3-B3-O7 1
O3-B3-O8

Angles
110.5 (4)
111.5 (4)
109.3 (3)

B5
O8
O9
O10
O11

Distance
1.446 (6)
1.486 (6)
1.461 (6)
1.502 (6)

O-B5-O
O8-B5-O9
O8-B5-O10
O8-B5-O11

Angles
113.5 (4)
107.6 (4)
108.9 (4)

B7
O5 11
O10
O12 11
O13 11

Distance
1.499 (6)
1.434 (6)
1.490 (6)
1.475 (7)

O-B7-O
O5 11-B7-O10
O10-B7-O12 11
O10-B7-O13 11

Angles
111.7 (4)
110.0 (4)
112.2 (4)

Symmetry codes: 1 x+1/2, y+1/2, z; 2 –x, -y+1, -z+1; 3 –x-1/2, -y+1/2, -z+1; 4 –x+1/2, -y+1/2, z+1; 5 x-1/2, y-1/2, z; 6 –x+1/2, y-1/2, z; 7 x-1/2, y+1/2, z; 8 -x, -y, z+1; 9 -x, y, -z+3/2; 10 x, -y+1,
z+1/2; 11 x+1/2, -y+1/2, z-1/2; 12 x, -y, z+1/2; 13 –x-1/2, y-1/2, -z+3/2; 14 x-1/2, -y+1/2, z+1/2; 15 –
x+1/2, y-1/2, -z+3/2.
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Table 4.7
Selected Bond Distances (Å) and Angles (°) about Ba Atoms in Ba2B7O12(OH)

[BaO9] polyhedron
Ba1
O1
O3
O3 2
O4 2
O6
O7
O8
O11 4
O13 3

Distance
2.916 (3)
2.814 (3)
2.849 (3)
2.933 (3)
2.780 (3)
2.800 (3)
2.905 (3)
3.035 (3)
2.912 (4)

O-Ba1-O
O1-Ba1-O6
O3-Ba1-O6
O3 2-Ba1-O6
O4 2-Ba1-O6 2
O6-Ba1-O7
O6-Ba1-O8
O6-Ba1-O11 4
O6-Ba1-O13 3

Angles
124.6 (1)
82.5 (1)
51.4 (1)
74.8 (1)
103.4 (1)
129.3 (1)
67.1 (1)
145.0 (1)

[BaO10] polyhedra
Ba2
O5
O5 9
O6
O6 9
O8 2
O8 10
O10 2
O10 10
O12
O12 9

Distance
2.950 (3)
2.950 (3)
2.990 (3)
2.990 (3)
2.824 (3)
2.824 (3)
2.785 (3)
2.785 (3)
2.745 (3)
2.745 (3)

O-Ba2-O
O5-Ba2-O12
O5 9-Ba2-O12
O6-Ba2-O12
O6 9-Ba2-O12
O8 2-Ba2-O12
O8 10-Ba2-O12
O10 2-Ba2-O12
O10 10-Ba2-O12
O12-Ba2-O12 9

Angles
49.3 (1)
88.7 (1)
85.8 (1)
76.3 (1)
91.3 (1)
107.6 (1)
72.7 (1)
150.6 (1)
132.4 (1)

Ba3
O2 8
O2 12
O5
O5 9
O9 4
O9 14
O10 4
O10 14
O12 6
O12 13

Distance
2.995 (3)
2.995 (3)
2.751 (3)
2.751 (3)
2.857 (3)
2.857 (3)
3.061 (4)
3.061 (4)
2.905 (3)
2.905 (3)

O-Ba3-O
O2 8-Ba3-O5
O2 12-Ba3-O5
O5-Ba3-O5 9
O5-Ba3-O9 4
O5-Ba3-O9 14
O5-Ba3-O10 4
O5-Ba3-O10 14
O5-Ba3-O12 6
O5-Ba3-O12 13

Angles
63.8 (1)
134.9 (1)
71.8 (1)
71.2 (1)
84.3 (1)
90.7 (1)
49.0 (1)
155.5 (1)
97.8 (1)

Symmetry codes: 1 x+1/2, y+1/2, z; 2 –x, -y+1, -z+1; 3 –x-1/2, -y+1/2, -z+1; 4 –x+1/2, -y+1/2, z+1; 5 x-1/2, y-1/2, z; 6 –x+1/2, y-1/2, z; 7 x-1/2, y+1/2, z; 8 -x, -y, z+1; 9 -x, y, -z+3/2; 10 x, -y+1,
z+1/2; 11 x+1/2, -y+1/2, z-1/2; 12 x, -y, z+1/2; 13 –x-1/2, y-1/2, -z+3/2; 14 x-1/2, -y+1/2, z+1/2; 15 –
x+1/2, y-1/2, -z+3/2.
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Figure 4.11: Extended asymmetric unit of Ba2B7O12(OH).
(as 50% probability thermal ellipsoids)
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Figure 4.12: Borate sheet formation in Ba2B7O12(OH).
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a

The framework is formed by B1-O1-B4 linkages between the sheets along
[100]. This is evident in Figure 4.13, which includes the Ba atoms located in
channels extending down [010]. H13 occupies the larger channels along with Ba2
and Ba3 atoms. These Ba atoms each bond to 10 oxygen atoms while Ba1 is 9coordinate with oxygen. The hydrogen atom was assigned to O13 to satisfy its
low bond valence. The O-H bond distance was confined to 0.89 Å corresponding
to residual electron density near O13. There does not appear to be any other
oxygen atom within a suitable distance of H13 for hydrogen bonding. Infrared
spectroscopy again confirmed the structural features of Ba2B7O12(OH). Broad
peaks were observed at 3399, 1361 and 998 cm-1 corresponding to hydroxide,
borate triangles and borate tetrahedra, respectively. Weight loss occurred up to
700 °C (3.8% observed) from surface water and 0.5 H2O loss (1.6% theoretical).

The Crystal Structure of Ba3B6O11(OH)2
The final novel compound in this study, Ba3B6O11(OH)2, crystallizes in
Pc, an acentric monoclinic space group.

The unit cell parameters are: a =

6.9580(13), b = 7.0240(14), c = 11.346(2) and β = 90.10(3).

Additional

crystallographic data is included in Table 4.1. Although attempts were made to
solve the structure in more common space groups such as P21/c, Pc was the only
space group in which a reliable solution could be obtained. The R-merge value
for the monoclinic setting was significantly better (0.037) than that of the
orthorhombic setting (0.347), further justifying the monoclinic choice. The final
R-factor in Pc was 0.0260 for refinements on all data. As confirmation, the
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Figure 4.13: Framework structure of Ba2B7O12(OH) viewed slightly off [010].
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structure was also determined assuming no symmetry in P1, then checked for
higher symmetry using the PLATON software program.38 PLATON verified the
choice of Pc as the space group in spite of an unusually high Flack parameter of
0.41(3). This is almost certainly due to partial crystal twinning in the needle used
for the data collection. Giesber reported the structure of a Sr analog crystallizing
in P-1 space group with unit cell parameters of a = 6.630(1), b = 6.672(1), c =
11.394(2), α = 91.03(3), β = 94.47(3) and γ = 93.11(3).12 As expected, the unit
cell volume of Ba3B6O11(OH)2 (554.5 Å3) is about 10% greater than that of
Giesber’s compound (501.6 Å3), accounting for the larger cation size. The R and
weighted R-factors for Giesber’s compound, however, are a little high at 0.0580
and 0.1587, respectively. It is very possible that the crystal used for this structure
determination was highly twinned, giving the appearance of a centrosymmetric
space group and resulting in the high R-factors reported.
Complete atomic coordinates for Ba3B6O11(OH)2 are listed in Appendix B,
Table B.4. The bond distances and angles are listed in Tables 4.8 and 4.9.
Average bond lengths for B-O bonds are the same as in the previous compounds,
and Ba3B6O11(OH)2 also exhibits slight bond lengthening for bonds bridging
triangular and tetrahedral boron atoms. The borate FBB is evident in Figure 4.14,
which shows the asymmetric unit. It resembles a cross between the FBBs of
Ba2B5O9(OH) and Ba3B12O20(OH)2, consisting of a different pentaborate unit with
triangular tail (<3□>–<∆2□>∆). This FBB polymerizes in a completely different
manner from the previous compounds, as Ba2B5O9(OH) and Ba3B12O20(OH)2 had
an overall sheet structure while Ba3B6O11(OH)2 is a chain borate.
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Table 4.8
Selected Bond Distances (Å) and Angles (°) for Ba3B6O11(OH)2

[BO3] triangles
B1
O1
O2
O3 5

Distance
1.342 (13)
1.374 (13)
1.398 (13)

O-B1-O
O1-B1-O2
O1-B1-O3 5
O2-B1-O3 5

Angles
120.9 (9)
119.0 (9)
120.0 (9)

B3
O5 13
O7
O8

Distance
1.409 (12)
1.353 (14)
1.394 (15)

O-B3-O
O5 13-B3-O7
O5 13-B3-O8
O7-B3-O8

Angles
120.4 (9)
116.6 (9)
123.0 (8)

[BO4] tetrahedra
B2
O3 6
O4
O5 12
O6

Distance
1.503 (13)
1.453 (11)
1.484 (14)
1.445 (11)

O-B2-O
O3 6-B2-O6
O4-B2-O6
O5 12-B2-O6

Angles
109.1 (8)
110.7 (8)
110.5 (8)

B4
O6
O8 3
O9
O10 3

Distance
1.466 (10)
1.507 (11)
1.443 (11)
1.466 (10)

O-B4-O
O6-B4-O9
O8 3-B4-O9
O9-B4-O10 3

Angles
111.1 (7)
104.6 (6)
113.2 (7)

B5
O9 1
O11
O12 9
O13 2

Distance
1.450 (16)
1.517 (14)
1.475 (15)
1.470 (13)

O-B5-O
O9 1-B5-O11
O9 1-B5-O12 9
O9 1-B5-O13 2

Angles
106.2 (9)
110.1 (9)
113.3 (9)

B6
O2 2
O4
O10 4
O13 2

Distance
1.507 (13)
1.445 (13)
1.491 (13)
1.456 (12)

O-B6-O
O2 2-B6-O4
O4-B6-O10 4
O4-B6-O13 2

Angles
110.3 (7)
109.4 (8)
112.3 (9)

Symmetry codes: 1 x+1, y, z; 2 x, y+1, z; 3 x-1, -y+2, z-1/2; 4 x+, -y+2, z-1/2; 5 x-1, y, z; 6 x-1, y+1,
z; 7 x, -y+1, z+1/2; 8 x-1, -y+2, z+1/2; 9 x, -y+2, z+1/2; 10 x, y-1, z; 11 x+1, -y+2, z-1/2; 12 x, -y+3,
z-1/2; 13 x+1, y-1, -z; 14 x, -y+1, z-1/2; 15 x+1, -y+2, z+1/2; 16 x, -y+3, z+1/2.
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Table 4.9
Selected Bond Distances (Å) and Angles (°) about Ba Atoms in Ba3B6O11(OH)2

[BaO8] polyhedron
Ba2
O2
O3
O6 13
O7
O8 4
O9 1
O10 14
O12

Distance
2.829 (7)
2.806 (7)
2.822 (7)
2.736 (7)
2.996 (7)
2.723 (7)
3.084 (6)
2.714 (7)

O-Ba2-O
O2-Ba2-O12
O3-Ba2-O12
O6 13-Ba2-O12
O7-Ba2-O12
O8 4-Ba2-O12
O9 1-Ba2-O12
O10 14-Ba2-O12

Angles
80.1 (2)
76.6 (2)
78.1 (2)
155.5 (2)
80.2 (2)
122.2 (2)
56.2 (2)

[BaO9] polyhedra
Ba1
O1 9
O2
O4 9
O5 10
O7 5
O8
O10
O11
O13

Distance
2.721 (8)
2.851 (7)
2.794 (8)
2.718 (7)
3.116 (7)
2.879 (7)
2.743 (6)
2.685 (7)
2.853 (7)

O-Ba1-O
O1 9-Ba1-O11
O2-Ba1-O11
O4 9-Ba1-O11
O5 10-Ba1-O11
O7 5-Ba1-O11
O8-Ba1-O11
O10-Ba1-O11
O11-Ba1-O13

Angles
85.2 (2)
65.8 (2)
148.5 (2)
124.2 (2)
76.4 (2)
91.9 (2)
142.0 (2)
111.8 (2)

Ba3
O3 8
O4
O5
O6
O7 5
O9
O11
O12 8
O13 2

Distance
2.745 (7)
2.702 (8)
2.801 (7)
2.778 (6)
2.798 (7)
2.757 (7)
2.819 (7)
2.983 (7)
3.098 (7)

O-Ba3-O
O3 8-Ba3-O4
O4-Ba3-O5
O4-Ba3-O6
O4-Ba3-O7 5
O4-Ba3-O9
O4-Ba3-O11
O4-Ba3-O12 8
O4-Ba3-O13 2

Angles
132.4 (2)
95.5 (2)
51.6 (2)
127.6 (2)
96.0 (2)
74.7 (2)
135.3 (2)
48.5 (2)

Symmetry codes: 1 x+1, y, z; 2 x, y+1, z; 3 x-1, -y+2, z-1/2; 4 x+, -y+2, z-1/2; 5 x-1, y, z; 6 x-1, y+1,
z; 7 x, -y+1, z+1/2; 8 x-1, -y+2, z+1/2; 9 x, -y+2, z+1/2; 10 x, y-1, z; 11 x+1, -y+2, z-1/2; 12 x, -y+3,
z-1/2; 13 x+1, y-1, -z; 14 x, -y+1, z-1/2; 15 x+1, -y+2, z+1/2; 16 x, -y+3, z+1/2.
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Figure 4.14: Extended asymmetric unit of Ba3B6O11(OH)2.
(as 50% probability thermal ellipsoids)
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The chains in Ba3B6O11(OH)2 extend infinitely along [100] by B1-O2-O6
and B2-O4-B6 bonding shown in Figure 4.15.

This bonding forms three

approximately orthogonal rings that are repeated as the chain propagates. There
are two chains per unit cell, each related by the c-glide perpendicular to the baxis. While the chains have mirror symmetry with respect to the b-axis, they
maintain the same polarity along [001], also evident in Figure 4.15. Ba-O bonds
connect the chains along [010] and [001]. Ba1 forms a 9-coordinate polyhedron
with oxygen and is corner sharing with Ba2 (8-coordinate) and edge sharing with
Ba3 (9-coordinate) polyhedra. Ba2 and Ba3 polyhedra are edge sharing.
Hydrogen atom assignment was necessary in order to satisfy charge
balance and bond valence considerations in Ba3B6O11(OH)2. Again, there were
two areas of residual electron density 0.93-0.94 Å away from both O11 and O12,
atoms which would otherwise be extremely underbonded. H11 and H12 were
assigned to these respective oxygen atoms. Hydrogen bonding almost certainly
occurs between the chains through O11-H11-O1 interactions. At 1.93 Å, H11-O1
distances are perfect for O1 to act as a hydrogen bond acceptor. In fact, such a
donor-acceptor relationship is necessary to satisfy the bond valences of both O11
and O1. A bond valence analysis of Ba3B6O11(OH)2 is given in Table 4.6 using
the parameters of Brese and O’Keeffe.17 H12 does not appear to participate in
extended hydrogen bonding. The infrared spectrum showed peaks centered at 944
cm-1 and 1329 cm-1 for the tetrahedral and triangular borates, respectively. The
hydroxide stretch was also observed at 3350 cm-1. Gradual weight loss (3.7%)
was observed by TGA, up to 700 °C. Theoretical weight loss for H2O was 2.6%.
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Figure 4.15: Chain structure of Ba3B6O11(OH)2.
Propagation along [100] (top) and viewed down [100] (bottom).
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Table 4.10
Bond Valence Analysis of Ba3B6O11(OH)2

O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
Σ

Ba1
0.31
0.22

Ba2
0.23
0.25

0.26
0.31
0.11
0.20
0.30
0.35

0.21
0.30
0.15
0.31
0.12
0.32

0.22
2.28

1.89

Ba3
0.30
0.33
0.25
0.27
0.25

B1
1.08
0.99
0.93

B2

B3

B6

H11
0.07

H12

0.82
0.90
0.77
1.05
0.94

3.00

B5

0.69
0.70
0.80
0.74
0.82

0.28
0.24
0.15
0.11
2.18

B4

3.06

2.89
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0.69
0.82
0.77

3.05

0.81
0.72
0.67
0.75
0.77
3.00

1.06
1.03
0.79
3.02

1.13

1.03

Σ
1.46
2.13
2.18
2.21
2.20
2.07
1.71
1.98
2.22
1.91
2.32
2.25
1.89

Conclusions
Although the formation of BBO was found to be unfavorable under
hydrothermal conditions, efforts to crystallize BBO produced interesting results
on other fronts. This work established novel synthetic routes to the acentric
materials SrB4O7 and Ba2B5O9Cl. The ammonium halide hydrothermal synthesis
of this chapter could be extended to establish a protocol to synthesize an entire
family of haloborates with different metals and/or halides. Preliminary Russian
reports have suggested that Ba2B5O9Cl and other hilgardite-type haloborates show
a strong non linear optical response. If possible, a quantitative comparison of this
NLO response in a series of hydrothermally synthesized crystals should be made.
A proof of concept transport growth experiment was performed on Ba2B5O9Cl
and demonstrated positive mass transport and high quality growth.

More

hydrothermal transport studies could optimize the growth of this interesting
material.
Attempts to synthesize BBO also resulted in an interesting descriptive
chemistry study. The crystal chemistry of the hydrated barium borates was shown
to exhibit great variety as the Ba:B ratio in the starting charge is altered.
Hydrated strontium borates do not show the same degree of variety. The larger
ionic radius of Ba2+ creates more space in the crystal structure, allowing more
complex borate groups to be accommodated, leading to greater structural variety.
Over the range of ratios studied, five different hydrated barium borates were
formed.

Four of these, Ba2B5O9(OH), Ba3B12O20(OH)2, Ba2B7O12(OH) and

Ba3B6O11(OH)2 were novel compounds.
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Their structures were reliably

determined by single crystal x-ray diffraction and were in agreement with infrared
spectra and thermogravimetric analysis of each compound.
Ba2B5O9(OH) and Ba3B12O20(OH)2 are characterized by borate sheets,
while Ba2B7O12(OH) is a more complex framework borate. Ba3B6O11(OH)2 is
different still, comprised of independent borate chains. Although most borates
have small fundamental building blocks (less than six borate units),
Ba3B12O20(OH)2, Ba2B7O12(OH) and Ba3B6O11(OH)2 are comprised of unusually
large polyanions. In most cases, the complexity of the fundamental building
blocks of the novel hydrated barium borates increased with increasing amounts of
boron relative to barium in the starting charge. Although this trend did not hold
true for Ba3B6O11(OH)2, this compound is arguably more unique since it
crystallizes in an acentric space group.

The structural variety and unique

formations described in this chapter should only fuel more interest in borate
crystal chemistry.
There are certainly other hydrated barium borates that can be synthesized
simply by increasing the amount of boron relative to barium in the reaction
charge. It would be interesting to see if the trend of increasing fundamental
building block size was maintained for crystals grown from these boron-heavy
ratios. Perhaps more acentric phases can be obtained. Additionally, it would be
interesting to include other large divalent metals such as Cd2+ and Pb2+ in a future
descriptive structural study. Perhaps acentric phases such as Cd3B7O13(OH) (a
known hydroxyboracite) or PbB4O7 can be grown as large crystals hydrothermally
in addition to the discovery of novel structures. These structural studies could
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also be combined with the study of halide mineralizers that showed promise
synthesizing Ba2B5O9Cl. New chloride analogs of the hydrated borates in this
chapter or acentric haloboracite phases may be accessible in this manner adding to
an already elaborate borate crystal chemistry.
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CHAPTER FIVE
HYDROTHERMAL SYNTHESIS AND GROWTH OF THE DEEP-UV
NONLINEAR OPTICAL MATERIAL Sr2Be2B2O7 (SBBO)
Introduction
There is great interest in obtaining high energy coherent radiation with
wavelengths below 200 nm. Shorter wavelengths are required to obtain greater
resolution in applications such as lithography, patterning, information storage and
micromachining.1,2 The fields of deep-UV spectroscopy, biomedical research and
sensor technology would also benefit from a convenient source of sub-200 nm
radiation.3,4 Although the LBO and BBO crystals mentioned in Chapters 3 and 4
enjoy widespread availability and have favorable NLO properties, they are only
functional as phase-matchable materials by direct frequency doubling to 277.5
and 204.8 nm, respectively.5,6 These absorption limitations at lower wavelengths
make them unsuitable for further advances in deep-UV applications, so alternative
means must be explored for obtaining coherent radiation below 200 nm.
One such alternative is the use of gas excimer lasers. Lasers based on
krypton fluroide and fluorine gases are capable of emitting coherent radiation at
193 nm and 157 nm, respectively. However, their emission is limited specifically
to those wavelengths, and the apparatus themselves are large, unreliable and
necessarily require the use of corrosive gases. A far better alternative is to use all
solid-state lasers where common laser emissions can be converted into deep-UV

lasers through sum frequency generation (SFG) and second harmonic generation
(SHG). This requires materials that have frequency doubling capabilities and
transparency into the deep-UV. Acentric borates based on isolated (BO3)3- groups
seem to offer the best combination of these key properties.7 Two materials that fit
these general requirements are KBe2BO3F2 (KBBF) and Sr2Be2B2O7 (SBBO).8, 9
Both materials contain triangular planar (BO3)3- groups that have the highest NLO
susceptibility of any borate structural building block.10 This chapter focuses on
investigations into SBBO. KBBF will be discussed in detail in Chapter 6.
SBBO was designed in 1995 by Chen’s group in response to some
difficulties they encountered growing large crystals of KBBF. These difficulties
centered around the layered structure of KBBF, specifically the tendency of K-F
bonds (which bind the layers) to cleave at the temperatures of their flux growth.
SBBO crystallizes in the space group P63 and is also based on a layered structure.
This layering is highlighted in Figure 5.1. In the case of SBBO, however, it is
stronger Be-O and Sr-O bonding that binds the layers together instead of Be-F
and K-F bonding as in KBBF. Chen proposed that this would increase the
hardness of the material and decrease layering, making it easier to grow large
single crystals.11 A preliminary study reported SBBO had promising properties
such as transparency as low as 155 nm and SHG efficiency equal to that of BBO
as well as a birefringence of 0.06 and Mohs hardness of 7.9 This study included
minimal details on the TSSG method used but did report that crystals up to 7 x 7 x
3 mm in size were obtained.

The flux included SrB2O4, NaF and “other

fluorides,” and growth was achieved by slow cooling from 1000 °C.
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Figure 5.1: Layered structure of SBBO.
Be atoms are at the center of the light gray tetrahedra.
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An inherent problem in the growth of SBBO is that it melts incongruently,
limiting the suitable crystal growth techniques. Because of this complication as
well as additional problems with thermally-induced cracking and continued
problems with layering no advanced studies have been performed since this initial
report. In this chapter, hydrothermal methods were studied as a technique for
synthesizing and growing SBBO as large single crystals. The resulting crystals
were characterized using a number of techniques including single crystal and
powder

diffraction,

powder

NLO

measurement,

UV-vis

and

infrared

spectroscopies, DSC/TGA and electron microscopy.
Hydrothermal Synthesis and Phase Stability of SBBO
The first objective of this project was simply to determine the phase
stability of SBBO in various hydrothermal solvents.

Two approaches were

pursued in this vein. The first approach was a direct one-pot synthesis where
suitable starting materials that could lead to SBBO formation were selected and
allowed to react in the solvent. Spontaneously nucleated crystals were harvested
after a period of 3 days and subsequently identified using x-ray diffraction
techniques. The second approach was a recrystallization scheme where SBBO
was first synthesized as a powder via published solid-state reactions then
recrystallized using different types and concentrations of mineralizers under
hydrothermal conditions.

Again, the resulting crystals were harvested and

characterized. Giesber performed a few recrystallization experiments using dilute
NaCl mineralizers and reported that SBBO was stabilized from these reactions.12
Based on these promising results, a thorough investigation was warranted.
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The experiments were performed as described in Chapter 2, using 0.25”
o.d. silver reaction ampoules.

All reactants were used as-purchased without

further purification. Specifically, for the direct hydrothermal synthesis of SBBO
a typical starting charge in the ampoule included 0.016 g (0.23 mmol) B2O3
(Aldrich, 99%), 0.061 g (0.23 mmol) Sr(OH)2·8H2O (Aldrich, 95%), and 0.006 g
(0.24 mmol) BeO (Alfa Aesar, 99%). NaOH and NaCl were chosen as the
mineralizers for these initial studies at 565 °C according to reactions 5.1-5.2.
Typically, 0.4 mL of a previously prepared 1M aqueous solution of mineralizer
(0.40 mmol) was used.

1M aq. NaOH
B2O3 + Sr(OH)2 + BeO

Sr2Be2B2O7 (major) +

(5.1)

Sr3Be2B5O12(OH) (minor)

1M aq. NaCl
B2O3 + Sr(OH)2 + BeO

Sr2Be2B2O7

(5.2)

The direct synthesis experiments using 1M NaOH as a mineralizer
produced two products that were easily differentiated by their morphologies. The
crystals were separated and characterized by single crystal and powder x-ray
diffraction. SBBO was the major product growing as colorless hexagonal plates
up to 2 mm in the longest dimension.

The novel hydrated borate,

Sr3Be2B5O12(OH), was present in approximately 5% yield and grew as clear,
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colorless rhombohedra up to 0.5 mm in size. Because of its interesting structural
features and crystallographic disorder, this novel compound and the analogous Ba
compound are discussed separately in Appendix A. By using 1M NaCl as a
mineralizer, SBBO was obtained as the sole product in stoichiometric yield;
however crystals never exceeded 1.5 mm in their longest dimension. For SBBO
crystals grown from either mineralizer, a maximum thickness of 0.3 mm was
observed. These direct synthetic methods were useful for determining that SBBO
was accessible hydrothermally, but the resulting crystals were not large enough
for use in a solubility or transport growth study.
At this point, the experiment was modified to a recrystallization scheme.
As mentioned above, the recrystallization experiment involves two steps: solidstate preparation of SBBO powder followed by hydrothermal recrystallization of
that SBBO powder.

The published procedure for the solid-state preparation

involves an initial 48 hour roasting at 950 °C, then that product was pulverized
into a fine powder and subsequently pressed into a pellet and heated at 950 °C for
60 hours.9 The conditions in reaction 5.3 employed in this laboratory were
perfectly sufficient for obtaining SBBO starting powder in large quantities using a
single technique.

900 °C, 18 h
2H3BO3 + 2SrCO3 + 2BeO

Sr2Be2B2O7 +
3H2O + 2CO2
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(5.3)

With the ultimate goal of growing large single crystals in mind, there are a
number of reasons to prefer recrystallization over direct synthesis from multiple
starting materials. First, recrystallization overcomes the potential problem of
differing solubilities among starting materials that could lead to the formation of
undesired phases, while ensuring that the desired stoichiometry is maintained.
Second, the quality of the crystal growth in hydrothermal systems tends to be
superior when crystals are grown by recrystallization as opposed to a direct
chemical reaction. This has been documented for several hydrothermally grown
materials, notably Y3Al5O12 (YAG), AlPO4 (berlinite) and KTiOPO4 (KTP).13-15
Finally, growth rates are often improved by the simplified process of
recrystallization because the potential rate-limiting process of diffusion of starting
materials from separate zones in the reaction vessel is eliminated.16 For these
reasons, recrystallization is preferred whenever possible for virtually all current
bulk crystal growth using hydrothermal methods.

Gd3Ga5O12 (GGG) and

NiFe2O4 suffer from incongruent saturation and very low equilibrium solubility,
respectively, and are examples of materials for which growth by recrystallization
is unsuitable and a diffusion-limited hydrothermal reaction of their constituent
oxides is required.16, 17
Decomposition during recrystallization is a typical indicator of
incongruent saturation and no decomposition of SBBO was observed during
recrystallization in a 1M NaOH solution under hydrothermal conditions. Thus,
SBBO was found to be congruently saturating and a number of different
mineralizers were explored to determine the phase stability of SBBO in those
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solvents.

Not all mineralizers lead to congruent saturation.

conditions other chemical reactions occur.

Under some

Figure 5.2 is a star diagram

summarizing the noteworthy hydrothermal reactions of SBBO found in this study.
These reactions were performed at 565 °C at a pressure of 25 kpsi.

The

crystalline products were identified using both single crystal and powder x-ray
diffraction methods.

The product distribution in Figure 5.2 is identical for

additional experiments performed at lower temperatures, down to 400 °C. Under
the milder conditions, however, SBBO could only be obtained as a
microcrystalline powder.
At 565 °C, low concentration (<2M) sodium hydroxide and sodium
chloride were found to be the optimal mineralizers for the recrystallization of
SBBO. Here, SBBO was formed in a phase-pure 100% yield. Using 2M NaOH,
crystals up to 7 mm in size were formed by spontaneous nucleation. Small
crystals were clear, colorless and of apparent high quality. Crystals larger than 2
mm appeared to have cracks or fissures extending through the bulk of the
material. Upon inspection using electron microscopy, the surfaces of the crystals
appeared smooth at the resolution used suggesting the fissures were a subsurface
feature in the bulk. The layered nature of SBBO was also evident near the edges
of the crystal where steps were visible. These surface and layering features can
be seen in the electron micrograph in Figure 5.3. Crystals containing the fissures
tended to develop an overall white coloration over a period of 2-3 days. This is
likely due to a very small amount of NaOH mineralizer that became trapped
between growing layers of the crystal and subsequently evaporated over time.
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Sr2Be2B2O7 +
LiBeSr2B3O8

Sr2Be2B2O7 +
Sr3B2O6

Sr2Be2B2O7

0-2M NaOH

5M LiOH
+ 4M LiCl

2-4M NaOH

Sr2Be2B2O7

Sr2Be2B2O7

4-8M NaOH

0-5M LiOH
1-4M KF

SrF2 + Sr2Be2B2O7

0-4M NaCl

Sr2Be2B2O7

Sr3B2O6 +
Sr2Be2B2O7

8+M NaOH

Sr2Be9(OH)22•7H2O
+ Sr3B2O6

Figure 5.2: Noteworthy hydrothermal reactions of SBBO at 565°C and 25 kpsi.
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Figure 5.3: Electron micrograph of SBBO (80x mag., 20 keV beam current).
The SBBO crystal here is 0.5 mm in size.
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For NaOH concentrations above 2M, Sr3B2O6 forms as an impurity phase
in the form of white polycrystalline chunks. The structure of Sr3B2O6 has been
known since 1980.18 It crystallizes in the centrosymmetric space group R-3c, and
is therefore not of interest for NLO applications.

As NaOH concentration

increased, the product distribution shifted away from SBBO in favor of Sr3B2O6.
Sr3B2O6 remained as a secondary product for experiments with NaOH
concentrations above 8M, with long colorless rods of Sr2Be9(OH)22•7H2O
comprising the majority of the product distribution. This material remains largely
uncharacterized since an initial study in 1966.19 In fact, the accepted composition
has only been inferred from thermogravimetric analysis. Attempts to further
characterize the structure through the course of this study were unsuccessful, as
single crystal diffraction always indicated significant crystal twinning. Powder
XRD patterns and DSC/TGA data were identical to those in the 1966 study.
Experiments using KOH and KCl produced identical product distributions to their
NaOH and NaCl counterparts.
The introduction of fluoride to the system through a KF mineralizer
resulted in the formation of SrF2 crystals as well as SBBO microcrystals. The
SrF2 crystals are clear, colorless polyhedra 1-2 mm in size and of very high
quality. Although fluoride mineralizers were not suitable for obtaining large
SBBO crystals (or single phase SBBO product for that matter), these experiments
indicated that SrF2 was a stable phase in hydrothermal solvents containing
fluoride. Large crystals of SrF2 are desirable for specialty optical window and
spectroscopy applications for wavelengths between 130-1100 nm and a
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hydrothermal route to such crystals seems reasonable based on the spontaneous
nucleation observed in this study.
SBBO was also the stable phase resulting from LiOH mineralizers up to
5M concentrations. The chemistry of the system changed when 4M LiCl was
included with LiOH as a mixed mineralizer. This experiment was set up such that
the amount of Li+ in solution remained constant with a previous experiment using
only 5M LiOH as a mineralizer, while inherently reducing [OH-] because of the
presence of the Cl- component of the mixed mineralizer. The addition of chloride
as a mineralizer component led to the formation of an additional product of clear,
colorless polyhedra in approximately 25% yield. These crystals were identified as
the novel compound LiBeSr2B3O8 by single crystal x-ray diffraction.

Other

experiments without LiCl but having the same [OH-] as the LiOH/LiCl mixed
mineralizer reaction failed to produce LiBeSr2B3O8 crystals, suggesting that the
presence of Cl- is indeed influential in the synthesis of this new compound.
As mentioned previously, the proposed intermediate chemistry that occurs
during hydrothermal synthesis is entirely speculative because the technology does
not lend itself to in situ visual or spectroscopic study. One possible explanation
for the unique product formation in the presence of chloride could mirror the
process of chloride extraction used to preserve marine archaeological artifacts.
Because of their large solvation spheres, chloride ions will readily diffuse from a
saturated metal into a basic aqueous solution, thereby stabilizing the metal.20 In
the context of this reaction, one could envision a slightly soluble chloroborate
intermediate species that acts as a building block and transports to the surface of a
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growing crystal. Upon crystallization, the chloride ion diffuses back into solution
where it is more stable, leaving the observed structure or a position where OHsubstitution could occur. In the latter case, a metal of the next intermediate
species would displace the hydrogen atom to continue crystal growth.

The Crystal Structure of the Novel Compound LiBeSr2B3O8
Crystals of LiBeSr2B3O8 were grown from the specific reaction of 0.1 g
(0.3 mmol) SBBO powder with 0.2 mL 5M LiOH (1 mmol) and 0.25 mL 4M
LiCl (1 mmol) at 565 °C and 25 kpsi pressure in a 0.25” o.d. welded silver
ampoule. Single crystal x-ray data was collected on a crystal 0.4 x 0.3 x 0.4 mm
in size. The structure of LiBeSr2B3O8 was determined in the centrosymmetric
space group P21/c and selected crystallographic data and derived parameters are
found in Tables 5.1-5.3.

As additional confirmation of the structure

determination, the powder x-ray diffraction pattern of the crystals was compared
to the simulated powder pattern from the structure refinement, and the two were
found to be identical.

Figure 5.4 is a projection of the asymmetric unit of

LiBeSr2B3O8 that has been extended to show the local geometries of all atoms.
The structure contains isolated orthoborate (BO3)3- groups as well as pyroborate
(B2O5)4- groups. These borate group geometries were confirmed by collecting
and interpreting the infrared spectrum in Figure 5.5. The absorption bands for
terminal B-O stretching in isolated orthoborates and pyroborates are present at
1430 and 1250 cm-1, respectively, and are consistent with accepted values.21
Tetrahedral Be-O stretching is typified by the band centered at 760 cm-1.
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Table 5.1
Crystallographic Data for LiBeSr2B3O8

Empirical formula
Formula weight
Space group
a, Å
b, Å
c, Å
β, °
V, Å3
Z
Crystal size, mm
Density (calculated), Mg/m3
Absorption coefficient, mm-1
Transmission Range
2θ range, deg
Number of parameters
Reflections collected (R int)
Independent reflections
Observed reflections [I > 2σ(I)]
Final R-indices (observed data)a
R-indices (all data)
Goodness of fit on F2
Largest difference peak, e/Å3
Largest difference hole, e/Å3
a

LiBeSr2B3O8
351.62
P21/c (no. 14)
8.6080(17)
6.4830(13)
12.861(3)
106.91(3)
686.7(2)
4
0.4 x 0.2 x 0.2
3.401
15.545
0.519-1.00
3.31-26.37
137
6407 (0.0713)
1402
1261
R1 = 0.0289, wR2 = 0.0680
R1 = 0.0352, wR2 = 0.0705
1.074
1.197
-0.950

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Table 5.2
Selected Bond Lengths (Å) and Angles (°) for LiBeSr2B3O8

[BO3] triangles
B1
O1
O2 8
O3

Distance
1.342 (5)
1.363 (5)
1.427 (5)

O-B1-O
O1-B1-O2 8
O1-B1-O3
O2 8-B1-O3

Angles
123.5 (4)
116.4 (4)
120.1 (4)

B2
O3 4
O4
O5

Distance
1.436 (5)
1.346 (5)
1.342 (5)

O-B2-O
O3 4-B2-O4
O3 4-B2-O5
O4-B2-O5

Angles
120.1 (4)
115.1 (4)
124.7 (4)

B3
O6 11
O7
O8

Distance
1.390 (5)
1.383 (6)
1.359 (5)

O-B3-O
O6 11-B3-O7
O6 11-B3-O8
O7-B3-O8

Angles
116.9 (4)
121.7 (4)
121.3 (4)

O-Be1-O
O2 10-Be1-O7
O4 3-Be1-O7
O6-Be1-O7

Angles
106.4 (3)
112.0 (3)
109.4 (3)

O-Li1-O
O1-Li1-O6 2
O1-Li1-O7 12
O1-Li1-O8 3

Angles
103.4 (4)
108.9 (4)
117.0 (4)

[BeO4] tetrahedra
Be1
O2 10
O4 3
O6
O7

Distance
1.634 (6)
1.638 (5)
1.631 (6)
1.629 (6)

[LiO4] distorted tetrahedra
Li1
O1
O6 2
O7 12
O8 3

Distance
1.845 (9)
1.871 (9)
1.938 (9)
2.389 (9)

Symmetry codes: 1 -x+2, -y, -z+2; 2 -x+2, y-1/2, -z+3/2; 3 -x+2, y+1/2, -z+3/2; 4 x, -y+1/2, z-1/2; 5
-x+1, -y, -z+1; 6 -x+1, -y+1, -z+1; 7 x, -y+1/2, z+1/2; 8 x+1, -y+1/2, z+1/2; 9 x-1, -y+1/2, z-1/2; 10 x+1, y+1/2, -z+3/2; 11 -x+1, y-1/2, -z+3/2; 12 x+1, y, z; 13 x-1, y, z.
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Table 5.3
Selected Bond Lengths (Å) and Angles (°) about Sr Atoms for LiBeSr2B3O8

[SrO8] polyhedra
Sr1
O1
O3
O3 1
O4 3
O5
O5 2
O7
O8

Distance
2.742 (3)
2.634 (4)
2.876 (3)
2.552 (3)
2.546 (3)
2.538 (3)
2.879 (3)
2.482 (3)

O-Sr1-O
O1-Sr1-O8
O3-Sr1-O8
O3 1-Sr1-O8
O4 3-Sr1-O8
O5-Sr1-O8
O5 2-Sr1-O8
O7-Sr1-O8

Angles
163.5 (1)
140.0 (1)
74.4 (1)
90.6 (1)
75.3 (1)
87.8 (1)
52.3 (1)

Sr2
O1 3
O1 9
O2
O2 5
O5
O6
O7 4
O8

Distance
2.587 (3)
3.049 (3)
2.652 (3)
2.724 (3)
2.489 (3)
2.656 (3)
2.564 (3)
2.616 (3)

O-Sr2-O
O1 3-Sr2-O5
O1 9-Sr2-O5
O2-Sr2-O5
O2 5-Sr2-O5
O5-Sr2-O6
O5-Sr2-O7 4
O5-Sr2-O8

Angles
81.2 (1)
166.1 (1)
144.8 (1)
91.9 (1)
101.5 (1)
93.6 (1)
73.9 (1)

Symmetry codes: 1 -x+2, -y, -z+2; 2 -x+2, y-1/2, -z+3/2; 3 -x+2, y+1/2, -z+3/2; 4 x, -y+1/2, z-1/2; 5
-x+1, -y, -z+1; 6 -x+1, -y+1, -z+1; 7 x, -y+1/2, z+1/2; 8 x+1, -y+1/2, z+1/2; 9 x-1, -y+1/2, z-1/2; 10 x+1, y+1/2, -z+3/2; 11 -x+1, y-1/2, -z+3/2; 12 x+1, y, z; 13 x-1, y, z.
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Figure 5.4: Extended asymmetric unit of LiBeSr2B3O8 viewed along [010].
Bonds to Sr atoms have been omitted for clarity.
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Figure 5.5: Infrared spectrum of LiBeSr2B3O8.
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In addition to the borate groups, the building blocks of the structure also
include Be-O tetrahedra and Li-O distorted tetrahedra (the long Li-O bond is
2.39(1) Å, while the other three average 1.88(1) Å) that share one corner oxygen
with a neighboring, alternating tetrahedron. These form infinite chains spiraling
down the b-axis according to the 21 screw axis. Four of these tetrahedra (two LiO and two Be-O) are connected to each other by a central trigonal planar
orthoborate group to form a cluster of tetrahedra where the borate triangle is edge
sharing with a Li-O tetrahedron. The unit cell contains two of these clusters
related by the c-glide perpendicular to the b-axis.
These clusters are bridged to one another by (B2O5)4- groups along the caxis where the pyroborate groups appear to act as a chelate toward beryllium
atoms. Two oxygen atoms of a Be-O tetrahedron are linked to one oxygen atom
of a Li-O tetrahedron of a neighboring cluster through the borate chain. The
action of these pyroborates is best seen in Figure 5.6. Sr-O bonding provides
bridging between the clusters of tetrahedra along the a-axis. Both unique Sr
atoms in the structure are 8-coordinate to oxygen atoms.
An inspection of the average bond lengths shows that the average B-O
bond is 1.37(2) Å and the average Be-O bond is 1.63(1) Å, which agree well with
values reported in the literature for other mixed alkaline earth metal borates.22, 23
One feature of the pyroborate group that has been observed in other structures is
the elongated bond distances between boron atoms and the bridging oxygen atoms
that fuse the borate triangles together.24 This is also observed in the LiBeSr2B3O8
structure, with an average length of 1.43(1) Å for the longer, bridging bonds, and
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O
B
Be
Li

Figure 5.6: Chains of [LiO4] and [BeO4] tetrahedra viewed along [100]. Chains
are connected by pyroborates along the c-axis and by Sr-O bonding along the aaxis. Sr atoms are omitted for clarity.
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1.35(1) Å for the shorter, terminal B-O bonds where the oxygen is bound to only
one boron atom. For this borate conformation the σ electron density of the
bridging oxygen is directed across two covalent B-O interactions, causing the
bonds to be weaker. This interaction is manifested in the longer B-O bond
distances for these atoms.

Optical Properties of SBBO
Preliminary optical properties of SBBO were studied using the crystals
obtained from spontaneous nucleation experiments described in this chapter. The
NLO properties measured by the powder SHG technique were very promising.
The results of the powder SHG experiment are presented in Figure 5.7. Unlike γLiBO2 described in Chapter 3, the powder SHG for SBBO suggests that SBBO is
a phase-matchable material. As described by Kurtz and Perry, the powder SHG
signal should be maximized when the particle size matches the coherence length
of the material.25

The generally increasing trend of the SHG intensity with

increasing particle size is indicative of a material with a very long coherence
length that theoretically approaches infinity. The intensity of the SHG light is
approximately half that of BBO for identical particle sizes. Although Chen’s
initial study reports SBBO has a NLO susceptibility of 2.0-2.48 pm/V, this value
was amended in recent reviews where the value was tabulated at 1.62 pm/V.26
BBO has a well-established NLO susceptibility of 2.2 pm/V, so the approximate
powder SHG intensity observed from hydrothermal SBBO crystals is in
reasonable agreement with the most recent data from flux grown crystals.27
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Figure 5.7: Powder SHG profile of SBBO. The fitting curve serves only to guide
the eye.
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Optical transparency was measured using a diffuse reflectance technique
described in Chapter 2. Powder ground from SBBO crystals began to show slight
absorption around 200 nm, approaching the detection limit of the instrument. The
ultimate transparency cutoff for SBBO has been accepted to be 165 nm.7, 26 SHG
efficiency for wavelengths close to this cutoff would likely be very low due to
self-absorption from the NLO crystal.

Solubility Study of SBBO
As discussed previously, a relative solubility profile is a useful tool in the
design of transport growth experiments. Knowledge of the relative solubility
profile is particularly helpful in determining the dependence of solubility on
temperature (positive grade vs. retrograde solubilities) and mineralizer
concentration. Because SBBO is congruently saturating, the weight-loss method
described in Chapter 2 was used to obtain this profile. In this particular study,
spontaneously nucleated SBBO crystals from previous hydrothermal experiments
were used as solubility seeds. Each seed was weighed and placed in a 2.5” long
0.25” diameter silver ampoule along with 0.4 mL of the desired mineralizer and
heated for 24 hours.
The weight percent solubility was calculated from the measured weight
loss using equation 2.1 and plotted as a function of temperature in Figure 5.8.
Solubility measurements for this system were particularly problematic. For base
concentrations above 0.1 M, the crystals tended to dissolve and recrystallize
readily. This recrystallization made it impossible to determine the solubility with
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Figure 5.8: Solubility of SBBO in deionized water.
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any reasonable accuracy.

Although the use of lower base concentrations or

deionized water limited recrystallization the crystals showed a tendency to break
into many pieces over the course of an experiment, also compromising the
reliability of the results. Eventually, enough reliable data (no recrystallization or
break up of solubility seed crystals) was obtained using deionized water as a
solvent.
SBBO maintains positive grade solubility in deionized water from 400600 °C.

However, the magnitude of this solubility is somewhat low, at

approximately 0.2 wt. % at 550 °C. Not only is the overall solubility for SBBO
low, but it increases only at a rate of 0.0006 wt. % per °C. As such, a growth
experiment in a typical 0.5” i.d. autoclave would only be able to achieve a
maximum solubility differential of 0.06 wt. % over the length of the autoclave.
Unlike γ-LiBO2 which has a fairly high solubility and could be grown at rates
over 1 mm/day, the low solubility of SBBO dramatically limits the obtainable
growth rate.
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Transport Growth of SBBO
In order to combat the apparent low weight percent solubility of SBBO
several schemes were developed to maximize the total solubility differential
between the dissolution and growth zones.

Direct recrystallization transport

experiments were first designed for temperatures above 450 °C to operate in the
regime of highest available solubility. Initial 7-day experiments were performed
at 575 °C using 0.25, 0.5 and 1 M NaOH mineralizer solutions over gradients of
100, 65 and 25 °C. In all of these experiments there was excessive spontaneous
nucleation of the feedstock material and no growth was observed on the seed
crystal. For growth experiments using the 100 °C gradient with 0.5 and 1 M
NaOH the seed crystal itself was consumed. Attempts were made to minimize the
nucleation using lower concentration hydroxide.

Growth experiments were

performed again at 575 °C with gradients of 95, 50 and 25 °C using DI H2O and
0.14 M NaOH as mineralizers. Only in the experiment using 0.14 M NaOH over
a gradient of 95 °C was growth observed. Here, 8.34 mg of SBBO mass transport
was observed, occurring at a rate of 0.76 mg/day. In its longest direction, the
crystal grew laterally at 0.03 mm/day. The quality of the growth itself was poor,
showing a tendency to layer and possessing the same white, cracked appearance
noted in crystals obtained by spontaneous nucleation. Thus, even at very slow
growth rates, SBBO tends to crystallize in a layered habit and trap some
hydroxide mineralizer between those layers.

Growth attempts at lower

temperatures (below 550 °C) were not well met, as none produced measurable
growth regardless of the combination of mineralizers and gradients explored.
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Conclusions
The non-linear optical material Sr2Be2B2O7 (SBBO) was successfully
crystallized hydrothermally using direct synthesis and recrystallization schemes.
Additionally, over the course of a phase-stability study the novel compound
LiBe2B3O8 was isolated and its single crystal structure determined.

SBBO

crystals up to 7 x 5 x 1 mm in size were obtained by spontaneous nucleation.
Despite their apparent high quality surfaces, the largest crystals suffered from
layering and mineralizer inclusions in the bulk. Crystals of SBBO were found to
have favorable optical properties including transparency to at least 200 nm (the
detection limit of the instrument) and SHG of 1064 nm laser light that was phasematchable with an intensity approximately half that of BBO.

Because of

unsuccessful high temperature growth efforts and poor optical uniformity, no
definitive NLO measurements or phase matching angles have been determined.
Although SBBO exhibits positive grade solubility in supercritical water, the
magnitude is too low to obtain growth rates practical for large-scale growth.
Transport growth is also complicated by a marked tendency toward spontaneous
nucleation. In light of these results it will likely be more fruitful to pursue the
growth of other deep-UV NLO materials such as KBe2BO3F2 and address its high
temperature growth difficulties through a hydrothermal approach.
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CHAPTER SIX
SYNTHESIS, STRUCTURE, GROWTH AND SOLID
SOLUTION BEHAVIOR OF RHOMBOHEDRAL
FLUOROBERYLLIUM BORATES
Introduction
Alkali fluroberyllium borates have been known since the first synthesis of
KBe2BO3F2 (KBBF) by Russian scientists in 1968.1 Synthesis was achieved by
simple fusion of K2BeF4 and B2O3 at 550-700 °C and the composition of the
resulting powder was determined by chemical analysis of Be, B and F. A single
crystal structure was obtained in 1970 on a small crystal 0.5 x 0.5 x 0.2 mm in
size.2 The authors offered a solution in the acentric monoclinic space group C2,
with an R-factor of 0.131. Shortly thereafter, syntheses were developed for the
analogous compounds based on Na, Rb and Cs.3

The compounds could be

synthesized either by the fusion protocol of the first study or the reaction of the
metal tetrafluoroborates with BeO over the same temperature range. The authors
of this study compared the infrared spectra of all the compounds and concluded
that the Rb and Cs analogs were isostructural with KBBF, but NaBe2BO3F2
(NBBF) had a different, unspecified structure. The Russian studies on this class
of compounds concluded in 1975 with crystal structure studies on RbBe2BO3F2
(RBBF) and CsBe2BO3F2 (CBBF).4 Like KBBF, the solution was in space group
C2, with R-factors of 0.157 and 0.092 for RBBF and CBBF, respectively.

KBBF and NBBF were revisited in the early 1990s by Chinese scientists,
as researchers began searching for acentric materials that may be transparent
below 200 nm. Some initial optical studies showed that KBBF was transparent to
155 nm, had a birefringence suitable for phase matching (0.06-0.10) and
possessed a SHG coefficient of about half that of BBO.5 Values of important
optical properties have been revised in a recent review reporting transparency to
153 nm, ∆n = 0.077, deff = 0.49 pm/V and an optical damage threshold of 40
J/cm2 (8 ns pulse, 1064 nm).6

Some important structural studies were also

published in the mid-1990s, assigning NBBF to space group C2 and
redetermining the structure of KBBF in space group R32.7, 8 In addition to low Rfactors in these space groups, optical interference patterns confirmed the
assignments indicating that NBBF was biaxial and KBBF uniaxial. Initial flux
growth studies were used a variety of fluxes, but the resulting crystals were
always less than 1 mm thick.9

High volatility of the borate fluxes and

decomposition of KBBF above 800 °C made growth very difficult. At this point,
Chen proposed that SBBO would be easier to grow as larger, higher quality single
crystals.10 SBBO, of course, never reached this potential, while slow, incremental
improvement was made in the growth of KBBF crystals. By 2001, 1 mm thick
KBBF crystals were finally grown using a KBF4-BeO-B2O3 melt.11
Wavelengths as low as 163 nm have been achieved by direct SHG using
KBBF, but the angle for phase matching is rather high, at 65.88°.12 Because
KBBF crystals were limited to about 1 mm in thickness, crystals simply could not
be cut and polished in the proper orientation while maintaining enough usable
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crystal area. Typically, bulk crystals should be over 3 mm in every direction for
use in devices. To sidestep this size barrier encountered in the flux growth of
KBBF, Chen’s research group developed a prism coupling technique (PCT) that
does not require cutting of the KBBF crystal.13,14 This technique involves the use
of two prisms (CaF2 or fused silica) that are cut such that the apex angle of the
prisms is close to the phase matching angle of the crystal. The thin crystal is then
sandwiched between the two prisms. The angle of the incident light is then tuned
to achieve the maximum SHG output. A number of breakthrough optical results
using this technique have extended the limits of phase-matched light from
nonlinear optical materials. Fourth harmonic generation of Ti:Sapphire lasers
using PCT KBBF has produced 200-186.3 nm radiation.13 Additionally, fourth
harmonic generation of Nd:YAG (266 nm) using PCT KBBF has been shown to
be 30% efficient with no optical damage to the KBBF crystal.15 This is a marked
improvement over BBO which suffers from photorefractive damage at high
average power, K2Al2B2O7 (KABO) that is only 13% efficient and CsLiB6O10
(CLBO) which is severely hygroscopic and tends to crack.16 A more advanced
study achieved 177.3 nm light from the sixth harmonic generation of Nd:YVO4,
172.5 nm light from a single mode Ti:Sapphire laser and 163.3 by sum frequency
mixing of a dual wavelength Ti:Sapphire laser system.14 Recently, KBBF was
used to produce faint outputs of 156 nm light and measurable outputs of 157.6 nm
light from the fifth harmonic generation of a single mode Ti:Sapphire laser.17
Although these outputs have low efficiency, they still represent the lowest phasematched radiation obtained by a nonlinear optical crystal.
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Efficiency could be greatly improved if the NLO medium had a greater
path length to interact with the incident light. This is the main drawback of the
prism coupling technique since the crystals used are very thin. Progress in the
flux growth of KBBF will always be limited by the highly volatile flux and the
thermal regime that contributes to crystal cleavage. Hydrothermal growth seems
an obvious choice as an alternative growth method.

The lower temperature

regime should reduce cleavage of the crystals and volatility problems are
eliminated by the solution nature of the growth. Although the inherent layered
nature of the structure can not be overcome by any growth method, the slower
growth rates associated with hydrothermal growth could limit problems with
twinning and help accentuate faceting. In fact, this is exactly what was reported
from a brief study in 2006 which ran concurrently with the work reported in this
chapter.18 The authors report the growth of a relatively large crystal (12 x 10 x 6
mm) under mild thermal conditions (360-380 °C) using a mineralizer of 1 M KF
+ 0.5 M H3BO3 over a 40 day period. They do not report the growth rate of the
crystal or extend the study to any other temperature regime or composition.
This chapter provides a more in-depth study of the hydrothermal growth
of KBBF. It also revisits RBBF and CBBF for the first time since 1975 and
reports a redetermined rhombohedral single crystal structure for these materials.
A novel member of the rhombohedral family, TlBe2BO3F2 (TBBF), was also
synthesized and its structure determined. The present study examines structural
trends within the ABBF family as well as its solid solution behavior. The NLO
properties were studied by the powder SHG technique offering insights into the
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effects of borate packing density on NLO susceptibility. Finally, crystal growth
studies were performed on the most promising members of the ABBF family, and
the routine growth of large, high quality single crystals was achieved.

The

optimization of structural, compositional and crystal growth parameters discussed
in this chapter makes the entire ABBF family an incredibly promising class of
materials for use as deep-UV NLO crystals.
Solid-State Preparation of ABBF Starting Materials
Crystal growth using techniques such as flux, top-seeded solution and
Czochralski growth methods necessarily requires special attention to be paid to
the melt behavior of the materials being grown, their precursors and any solvent
materials involved in the growth. Often, the phase diagrams that result from the
precursors alone can be very complex.19,

20

The phase diagrams can be

complicated further by involving solvents and cooling procedures usually
required for crystal growth. An example of this was already addressed by the
decomposition of LiB3O5 to Li2B4O7 and Li2B8O13 discussed in Chapter 3. Even
in hydrothermal growth, solid-state preparation of feedstock for crystal growth is
not always a trivial matter.

This is particularly true when the potential for

industrial scale up and production demands energy, time and cost efficiency.
Such is the case for the preparation of starting materials for the hydrothermal
growth of ABBF single crystals.
The initial Russian literature presented a straightforward synthesis for
ABBF materials (here, A = Na, K, Rb, Cs) even though there was no discussion
of their structures or properties. The synthesis, shown in equation 6.1, utilized
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ABF4, B2O3 and BeO as precursors. Chen and coworkers used this procedure to
synthesize KBBF, including an intense solid-state treatment involving a 48 hour
sintering of a pellet pressed from the precursors at 700 °C. Crystal growth was
then performed using flux techniques cooling from 800 °C at 1-5 °C/d. Such
treatment is unnecessary here, as it was found that KBBF starting material can be
obtained simply by adequately mixing the precursors and heating for 2 hours at
700 °C in a fume hood. While this was a good method for synthesizing KBBF in
this study, it is not readily extended to the heavier analogs since RbBF4 and
CsBF4 are not readily available and are very unstable, expensive specialty
chemicals.
An alternative synthesis was devised using readily available alkali
fluorides as the source of the alkali metal and BeF2 as the Be source. This
reaction is shown for RBBF in equation 6.2. However, solid BeF2 subsequently
became very difficult to obtain, as major chemical suppliers have recently stopped
producing it in favor of a lower purity aqueous solution. The synthesis was
modified once again to eliminate the expense of purchasing BeF2 from a specialty
supplier. The new reaction, presented in equation 6.3 as it pertains to CBBF, is a
Brønsted acid/base neutralization where NH4F acts as the acid and the alkali
hydroxide the base. All these precursors are readily available and relatively
inexpensive, making this method simple and attractive for scale up. The reaction
in equation 6.3 works well for KBBF, RBBF and CBBF, though extra care should
be taken while weighing the precursors not only because of the toxicity of BeO,
but also the emission of ammonia. For ABBF materials based on non-alkali
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monovalent metals, the metal hydroxide may not be readily available. Here, the
carbonate is a suitable Brønsted base.

Accordingly, the synthesis of TBBF

starting material is presented in equation 6.4.

2 h, 700 °C
3KBF4 + B2O3 + 6BeO

3KBe2BO3F2 + 2BF3

(6.1)

2 h, 700 °C
RbF + B2O3 + 2BeF2

RbBe2BO3F2 + BF3

(6.2)

2 h, 700 °C
2Cs(OH) + 4NH4F + B2O3 + 4BeO

2CsBe2BO3F2 (6.3)
+ 4NH3 + 3H2O

2 h, 700 °C
Tl2CO3 + 4NH4F + B2O3 + 4BeO

2TlBe2BO3F2 +

(6.4)

4NH3 + 2H2O + CO2
Preliminary Solvent Screening
Having developed a procedure for synthesizing feedstock materials in
powdered form, several solvents were explored to see which ones were suitable
for spontaneous nucleation of single crystals. The solvent screening experiments
were performed in 0.25” o.d. silver ampoules containing 0.1 g of ABBF feedstock
and 0.4 mL of aqueous mineralizer at 20 kpsi pressure. Spontaneous nucleation
was studied at 550 °C and 450 °C for a reaction length of 5 days. There were no
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qualitative differences in the products obtained at these temperatures, but crystals
formed at 550 °C were significantly larger. A number of solvents were explored
for KBBF, and only the most promising mineralizers were extended to the other
ABBF members. KBBF recrystallized as the lone product from deionized water,
0.1-2 M KF and 0.1-2 M KHF2. Of these, the largest crystals formed from 1-2 M
KF, measuring up to 4 mm in size and easily suitable for use as seed crystals in
transport growth. Higher concentrations (3-6 M) of KF resulted in a mixture of
KBBF and K2BeF4 crystals.

The use of hydroxide solutions resulted in the

formation of small needles of hambergite, Be2BO3(OH). The use of other fluoride
mineralizers such as RbF, CsF and TlF produced K1-xAxBBF crystals of mixed
composition. The structural ramifications and solid solution behavior of these
mixed composition ABBF materials are discussed later.
Based on this study for KBBF, the respective 1-2 M fluoride mineralizers
were chosen as the best solvents for the other ABBF materials.

Using this

scheme, crystals of RBBF, CBBF and TBBF were obtained from RbF, CsF and
TlF mineralizers, respectively. Optical micrographs of these ABBF crystals are
shown in Figure 6.1. At 5 mm in size the RBBF crystals were the largest of any
ABBF single crystals obtained by spontaneous nucleation. These crystals also
showed improved thickness over KBBF and less of a micaceous habit. CBBF
crystals exhibited even less layering, but their size was limited to only about 1.5
mm. TBBF crystals were obtained in sizes up to 3 mm, but they were extremely
layered, significantly more so than KBBF. Single crystals of TBBF tended to be
very thin. TBBF crystals also exhibited photosensitivity, as many of them turned
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Figure 6.1: Spontaneously nucleated ABBF crystals.
(clockwise from top left: KBBF, RBBF, CBBF, TBBF)
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brown after a period of 48 hours. This discoloration seemed to be worse in
crystals that were more severely layered. Like many compounds containing Tl,
TlF is known to be photosensitive. TlF mineralizer trapped between the poorly
terminated layers in the crystals would certainly account for their discoloration.
Like KBBF, mixed compositions formed when RBBF, CBBF and TBBF starting
charges were treated with fluoride mineralizers of a different monovalent metal.
All the spontaneous nucleation experiments were scalable to 3/8” o.d. ampoules;
and longer reaction durations permitted the nucleation of many KBBF and RBBF
crystals up to 7 mm in size from one experiment. Unfortunately, CBBF and
TBBF did not show any improvement in size in the larger ampoules. Under no
circumstances did the mineralizers react with the silver reaction vessels. It is also
noteworthy that none of the ABBF crystals are hygroscopic, which is a serious
problem among commercially available NLO borates.

Space Group Determination for ABBF Compounds
The structures of the ABBF compounds have been in debate since the
original reports of their synthesis in the Russian literature. A history of this
debate was discussed in the introduction to this chapter. In the present study, the
structure of each ABBF compound was determined by careful single crystal x-ray
diffraction studies. Based on the previous debate surrounding these compounds,
the first challenge was to choose the proper space group. Of course, the two most
probable space groups were C2 and R32. Differentiating between the C2 and R32
space groups is not trivial. For example, the Nodamura virus crystallizes in the
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C2 space group, but has pseudo-R32 packing symmetry.21 In this case, the h+k
odd reflections that should be systematic absences for the C2 space group are
instead only weaknesses because of the pseudo-symmetry.
Sometimes there is outright misassignment involving these two space
groups. Marsh and Spek addressed this misassignment of structures to the C2
space group using software programs designed to search for higher or missed
symmetry (MISSYM and PLATON/ADDSYM), and identified 144 potential
candidates.22 Of these, 50 were revised to reflect higher symmetry. In two cases
the space groups were revised to R32. In two other cases the authors noted
probable R32 symmetry, though official revision was not made because of
stoichiometric uncertainty in one case and crystal decay in the other.
To help settle this debate for the ABBF materials, Na2Be2BO3F2 was
synthesized for comparative purposes. The synthesis of NBBF was achieved as
previously described for other members of the ABBF family, with the solid state
synthesis followed by hydrothermal recrystallization by 1 M NaF at 550 °C. The
single crystals obtained from the hydrothermal spontaneous nucleation were used
for the structural analysis. The merging-R factor (Rint) values generated during
the XPREP stage of the structure solutions offer a good starting point for
evaluating the merits of the choice of Laue symmetry. These values measure the
agreement of intensities of equivalent reflections in different symmetry
arrangments. In general, the correct Laue symmetry assignment should have a
Rint value of 0.1 or less.
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The merging-R values and final R-factors for obverse rhombohedral and
C-centered monoclinic settings for structure solutions of each ABBF member are
shown in Table 6.1. Transformation of the NBBF reduced cell resulted in only Ccentered monoclinic options, while transformation of the CBBF reduced cell
produced only the rhombohedral choice. When both options were available, Rint
values for the rhombohedral setting were only slightly higher than those of the
monoclinic setting. This is not surprising since obverse rhombohedral symmetry
includes more parameters than the monoclinic symmetry. Since both values are
very close yet still within the range for correct assignment, this supports the
choice of the rhombohedral setting for KBBF, RBBF and TBBF.
Still, a full structure refinement was carried out for each of these in both
settings. The structures of KBBF, RBBF and TBBF could be solved in C2, but
the R-factors of these solutions were higher (0.0348, 0.0676 and 0.0456,
respectively) than those of solutions in R32 (0.0301 and 0.0531 and 0.0378,
respectively) from the same data sets. Finally, the structure solutions for KBBF,
RBBF and TBBF in C2 were analyzed using the ADDSYM function of
PLATON, which recommended the higher symmetry R32 space group.23 No
acceptable solution could be obtained for CBBF in C2. Likewise, NBBF could
only be solved in C2.
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Table 6.1
Merging and Final R-Factors of ABBF in Monoclinic and Rhombohedral Settings

ABBF Member
NaBe2BO3F2
KBe2BO3F2
RbBe2BO3F2
TlBe2BO3F2
CsBe2BO3F2

C-Centered Monoclinic
Merging R (Rint)
Final R
0.085
0.0768
0.032
0.0348
0.108
0.0676
0.062
0.0456
N/A
N/A
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Obverse Rhombohedral
Merging R (Rint)
Final R
N/A
N/A
0.047
0.0301
0.099
0.0531
0.069
0.0378
0.039
0.0156

Structure of Rhombohedral ABBF Compounds
A summary of the structure solutions and data collection parameters can
be found in Tables 6.2 and 6.3. Refinement of the crystal structures produced low
R-factors for the rhombohedral solutions. The materials form an isostructural
series typified by the RBBF member in Figure 6.2. Table 6.4 lists bond lengths
and angles for each ABBF member.

Figure 6.3 compares the coordination

environments about the monovalent metals.
The structure consists of sheets of [Be2BO6F2] building blocks that extend
infinitely in the ab plane. The sheets are planar, with the exception of Be-F bonds
that extend out of plane along [001]. The orientation of the borate triangles
within the sheets, shown in the inset of Figure 6.2 is particularly important. Here,
all of the BO3 triangles are aligned in a coparallel manner. This alignment
accounts for the acentric nature of the structure and gives rise to a nonzero value
for the NLO polarization. The SHG properties that result from this polarization
are discussed later. The sheets are connected to one another by the monovalent
metal that bonds with the out of plane F atoms in each layer. The micaceous
nature of the crystals can be attributed to this layering. Since these A-F bonds are
relatively weak (compared to B-O or Be-O bonds) they provide a convenient
cleavage plane for the crystals. This is particularly true at the temperatures where
flux growth occurs, explaining why there has been so much difficulty growing
crystals of appreciable thickness using this method.
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Table 6.2
ABBF Crystallographic Data

Empirical formula
Formula weight
Space group
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
Z
Density, Mg/m3
Abs. coeff., mm-1
Transmission Range
2θ range, deg.
Reflns collected
Independent reflns
Obs. reflns [I > 2σ(I)]
No. of parameters
Final R-indices
(observed data)a
R1
wR2
Final R-indices
(all data)
R1
wR2
Flack Parameter
Goodness of fit on F2
Largest diff. peak, e/Å3
Largest diff. hole, e/Å3
a

NaBe2BO3F2
137.83
C2 (5)
12.672(3)
8.7156(17)
7.6020(15)
90
113.48(3)
90
770.1(3)
8
1.783
0.258
0.786-1.00
2.92 - 29.12
3705
1637
1104
165

KBe2BO3F2
153.93
R32 (155)
4.4220(6)
4.4220(6)
18.734(4)
90
90
120
317.25(9)
3
2.417
1.196
0.752-1.00
3.26 - 29.05
967
166
166
17

RbBe2BO3F2
200.33
R32 (155)
4.4395(6)
4.4395(6)
19.825(4)
90
90
120
338.39(9)
3
2.949
10.918
0.190-1.00
3.08 - 29.64
1146
201
196
17

CsBe2BO3F2
247.73
R32 (155)
4.4575(4)
4.4575(4)
21.310(4)
90
90
120
366.68(10)
3
3.366
7.523
0.319-1.00
5.37 - 29.31
1166
200
200
17

0.0768
0.1759

0.0301
0.0734

0.0527
0.1292

0.0156
0.0341

0.1151
0.1962

0.0301
0.0734

0.0531
0.1294

0.0156
0.0341

-1.5(17)
1.081
0.401
-0.488

0.04(16)
1.233
0.433
-0.292

0.03(7)
1.205
1.111
-0.776

-0.09(7)
1.247
0.386
-0.473

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Table 6.3
TBBF Crystallographic Data

Empirical formula
Formula weight
Space group
a, Å
c, Å
V, Å3
Z
Density, Mg/m3
Abs. coeff., mm-1
Transmission Range
2θ range, deg.
Reflns collected
Independent reflns
Obs. reflns [I > 2σ(I)]
No. of parameters

TlBe2BO3F2
319.20
R32 (155)
4.4387(6)
19.942(4)
340.27(9)
3
4.673
35.544
0.319-1.00
3.06 - 26.14
990
163
162
17

Final R-indices
(observed data)a
R1
wR2
Final R-indices
(all data)
R1
wR2

0.0349
0.0832
0.0378
0.0844

Flack Parameter
Goodness of fit on F2
Largest diff. peak, e/Å3
Largest diff. hole, e/Å3
a

0.00(9)
1.194
2.647
-1.710

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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a

b

c
Rb
F
B
O
Be

Figure 6.2: Extended view of RBBF structure off [010].
Inset: Coparallel alignment of borate groups in ABBF unit cells.
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Table 6.4
Selected Bond Lengths (Å) and Angles (°) for ABBF

Bond Distances

A-F (x6)
B-O (x3)
Be-O (x3)
Be-F

KBBF
2.752 (1)
1.367 (2)
1.638 (2)
1.510 (5)

RBBF
2.836 (3)
1.362 (7)
1.636 (5)
1.544 (12)

TBBF
2.851 (6)
1.369 (11)
1.626 (9)
1.55 (2)

CBBF
2.964 (1)
1.369 (3)
1.644 (2)
1.526 (5)

73.10 (5) x2
106.90 (5) x2
120.00 (0) x2
108.01 (17) x2
110.89 (16) x3

77.00 (13) x2
103.00 (13) x2
120.00 (0) x2
109.4 (4) x2
109.5 (4) x3

77.8 (3) x2
102.2 (3) x2
120.00 (0) x2
109.9 (7) x2
109.0 (8) x3

82.49 (6) x2
97.51 (6) x2
120.00 (0) x2
109.21 (15) x2
109.73 (15) x3

Bond Angles
F-A-F 1,2
F-A-F 3,4
O-B-O 5,6
O-Be-O 7,8
F-Be-O 0,7,8

Symmetry codes: 0 x, y ,z; 1 y-1, x, -z; 2 y, x+1, -z; 3 x+1, y, z; 4 x, y-1, z; 5 –x+y-1, -x+2, z; 6 –
y+2, x-y+3, z; 7 –y+2, x-y+2, z; 8 –x+y, -x+2, z
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(From left to right: K, Rb, Tl, Cs)

Figure 6.3: Coordination environments about A in ABBF.

It is interesting to examine the effects of the monovalent metal on the
structural and physical nature of the crystals. The most obvious effect is the
elongation of the c-axis (see Table 6.2) as the metal gets larger.

Similar

expansion is not dramatically observed along the a and b axes because their size is
governed by the B-O and Be-O bonding that is strong, covalent and forms a rigid
sheet. This rigidity limits the structural influence of the A metal to spacing these
layers apart along the c-axis. As such, the bond angles about the metal change
significantly as the bond lengths to fluorine increase. These lengths and angles
are included in Table 6.4 and the angular differences are visible in the equatorial
A-F bonds shown in Figure 6.3.

For KBBF, K is in a severely distorted

octahedral environment. This environment improves somewhat for Rb+ and Tl+
which are about the same size and have ionic radii approximately 10% greater
than K+. The ionic radius of Cs+ is approximately 22% greater than that of K+
causing the octahedral environment to be even less distorted. Here, the angles are
actually approaching those of a regular octahedron.

The same negative

correlation between distortion and octahedral cation radius has been observed in
natural and synthetic micas.24 With the exception of TBBF, ABBF crystals with
less-distorted octahedral environments tend to have more well formed edges and
exhibit less micaceous slip-twinning. Since crystals that grow slowly tend to have
fewer dislocations or defects that lead to chemical strain the growth rate of the
crystal is certainly a contributing factor. This is particularly likely for CBBF
crystals which seem to form slowly by spontaneous nucleation. However, it is
shown later that RBBF crystals grow at over twice the rate of KBBF crystals yet
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physically are less-severely layered. This suggests that the suitability of the metal
for the octahedral site influences the quality of the crystals grown.
In addition to the angular distortion about the metal, the suitability can
also be judged in terms of bond lengths. Like a taut rubber band, strained
chemical bonds (those longer than expected) are the most likely to break, leading
to cleavage or twinning. Observed A-F bond distances were compared to ideal
bond distances derived from the effective ionic radii put forth by Shannon,
accounting for valence and coordination environment.25 The ideal distances were
obtained simply by adding the individual radii since effects like covalent
shortening and partial occupancy were not applicable. Observed K-F bonds were
2.7% longer than their ideal distance. Likewise, Tl-F bonds were also noticeably
longer (1.4%) than expected. Observed Rb-F bonds were only very slightly long
(0.21%) while Cs-F bond lengths were actually 0.54% shorter than the ideal
distance. These values directly coincide with the qualitative observations of slip
twinning in the ABBF family. They also account for the discrepancy in layering
between TBBF and RBBF in spite of the similar angular distortions about the
metal octahedra.

Solid Solution Behavior in ABBF Compounds
Substitutional solid solutions are typically observed in systems where the
replacing ions have the same charge and are fairly similar in size. A complete
solid solution is possible if both end members are isomorphous, as in the ABBF
series.

Initial evidence of solid solution behavior was observed during the
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preliminary solvent screening in cases where the monovalent metal from the
fluoride mineralizer was not the same as that of the feedstock material. This
resulted in crystals of mixed metal compositions that were quantified using EDX
to determine the degree of substitution. The amount of substitution depended
upon the concentration of mineralizer and the amount of feedstock present. For
example, 1 g of RBBF (5 mmol) mineralized with 4 mL of 1 M KF (4 mmol)
produced crystals of K0.40Rb0.60Be2BO3F2. A number of related experiments were
performed to obtain crystals with a wide range of mixed compositions, but the
final composition of the crystals did not always match the molar ratios of the
metals in the mineralizer and feedstock. This was particularly the case in the
solid solution of RBBF and CBBF where resulting crystals were surprisingly rich
in Rb. An example of this is the reaction of 0.7 g RBBF (3.5 mmol) with 4 mL of
1 M CsF (4 mmol) that resulted in crystals of Rb0.89Cs0.11Be2BO3F2.
These substitution preferences can be addressed using the Eisenman
Model for ion selectivity in channels.26 Studies based on this model have been
performed on layered clay minerals such as vermiculite and montmorillonite to
explain ion exchange processes between silicate layers.27, 28 The Eisenman Model
states that ion exchange is a two step process involving dehydration of the
aqueous cation followed by binding at an available site. Total energy gained by
exchange is expressed in equation 6.5. Ions with the lowest energies of hydration
(such as K+, Rb+ and Cs+) are the most energetically favorable for dehydration.
The binding energy depends only on the radius of the cation and the radius of the
binding site (assuming the site is spherical) as long as the exchanging ions are
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identical in charge. Binding energy is maximized when both the binding site
radius and the ionic radius are small according to equation 6.6.

∆Gexchange = ∆Gdehydration + ∆Gsite binding

(6.5)

∆Gsite binding = - (constant)/(Rsite + Rion)

(6.6)

When the radius of the binding site is large (over 1.8 Å), the preference for
substitution is Cs>Rb>K as exchange favors the cation with the lowest energy of
hydration. If the binding site radius is small (below 1.4 Å), the preference is
K>Rb>Cs, favoring cations with the smaller ionic radius.

For the RBBF

examples above, the binding site “radius” is about 1.5 Å (based on F-Rb-F
distances). As shown previously in Figures 6.2 and 6.3 the Rb site is actually not
spherical, rather an egg-shaped distorted octahedron somewhat compressed along
the c-axis. This means that the effective radius of the binding site is smaller than
1.5 Å and exchange favors the series K>Rb>Cs. Such a preference explains why
K substitution occurred readily during crystallization of RBBF with KF while Cs
never achieved the expected degree of substitution.
Because of the unpredictability of the mineralizer effect, a second method
was devised to better control the compositions of the crystals obtained. This
method involved the solid state synthesis of a mixed composition starting
material, then the crystallization of that starting material with deionized water or a
fluoride mineralizer that directly reflected the ratio of monovalent metals in the
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starting material. The composition of crystals grown by this method had very
good agreement (usually within 3 atomic percent) with the composition of the
starting material. Agreement was particularly good when deionized water was
used as the solvent as it eliminated variables introduced by differing energies of
hydration of the monovalent ions of the fluoride mineralizers.
It is well known from Vegard’s Law that unit cell parameters should
change linearly with composition in a solid solution.29 In practice this generally
holds true, although departures from linearity are common. The KBBF-RBBFCBBF solid solutions shown in Figure 6.4 approximately obey Vegard’s Law.
Significant effects, however, are only observed in the c-axis parameter. The a and
b axes are affected very little by substitution because the a-b plane is comprised
solely of the network of BO3 planar triangles and BeO3F tetrahedra (with the Be-F
bond as the out of plane bond in the tetrahedron). As discussed earlier, this
network is very rigid, comprised of strong covalent bonds and is unaffected by the
monovalent metal. The spacing between the rigid layers is governed by the size
of the metal between those layers, as the metal bonds to the fluorine atoms that
extend out of the a-b plane along the c-axis. Hence, the substitution of larger
metals between the layers increases the A-F bond distance and significantly
lengthens only the c-axis. The data points for the KBBF-RBBF solid solution fall
directly along the line predicted by Vegard’s Law. For the RBBF-CBBF solid
solution, there is a departure from the ideal line, suggesting immiscible behavior
of the solid solution. Positive departure such as this is common and most often
observed when the substituting ions are clustered rather than distributed evenly.30
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Figure 6.4: Expansion of the c-axis in KBBF-RBBF-CBBF solid solutions.
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Repulsion between Rb-rich and Cs-rich domains results in a slight increase in unit
cell parameters compared to those where there is a random distribution of ions
with little repulsive interaction. Clustering is not surprising for Cs substitution in
the RBBF structure. Because substitution of Cs forces the rigid layers apart, the
most accessible location for subsequent substitutions will be adjacent to this
expanded site, forming a Cs-rich domain.
Solid solutions sometimes offer improved or even different properties than
the end member compositions. Examples include the carbon hardening of iron,
(FeCx, interstitial solid solution) in steel manufacture and the lasing ability of
some bixbyite sesquioxide solid solutions (Sc2O3-Yb2O3, substitutional solid
solution).31, 32 In the ABBF solid solutions the advantage of substitution is in the
physical quality of the crystals. The improved crystal quality of the end members
with increasing A+ cation size was discussed earlier for A = K+, Rb+ and Cs+. The
effect of just a small amount of substitution on crystal quality in the ABBF solid
solutions is also evident. Optical micrographs of these crystals are shown in
Figure 6.5. Crystals of Rb0.86Cs0.14Be2BO3F2 most strongly resembled the CBBF
end member in their faceting, but formed in a size equal to that of the RBBF end
member.

Similarly, K0.96Tl0.04Be2BO3F2 crystals were of remarkably higher

quality than both the KBBF and TBBF end members. These crystals also showed
improved thickness over both end members while maintaining the lateral size
observed for KBBF. This ability to “fine tune” crystal quality while maintaining
(or improving) the size of the largest end members is a valuable step in the
preparation of crystals suitable for cutting and polishing for use in devices.
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Figure 6.5: Partially substituted ABBF crystals showing improved size and
quality over the end members (top: Cs0.14Rb0.86Be2BO3F2, bottom:
Tl0.04K0.96Be2BO3F2).
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NLO Properties of ABBF Materials
The non linear optical properties of ABBF materials were studied by
analysis of powder SHG using the Kurtz technique detailed in Chapter 2.33
Advanced NLO studies have been performed by Chen and coworkers on single
crystals of KBBF. Chen has also shown through theoretical studies on borates
including KBBF that the borate anionic groups are almost entirely responsible for
the observed NLO signal.6 However, their group has not reported any synthetic
or SHG studies on RBBF, CBBF and TBBF. As such, the powder SHG study
was pursued because of the comparative value of examining the entire family of
rhombohedral ABBF compounds. In addition to novel SHG studies on RBBF,
CBBF and TBBF, a study of isostructural compounds such as these would
provide the best direct evidence of the “chromophore effect” thought to produce
high nonlinear bulk susceptibilities.

This effect is achieved by coparallel

alignment and high packing density of the “chromophores” within the unit cell.34
As mentioned previously, the acentric nature of the ABBF structure arises from
the polar alignment of [BO3]3- anionic groups in the unit cell, satisfying the
coparallel alignment of borate groups. The inherent changes in unit cell volume
caused by varying the monovalent metal provide differing packing densities of
BO3/Å3. Since the major contribution to the SHG signal is from these anionic
borate groups and the groups are in identical environments for all ABBF, the
effect of packing density on SHG can be studied. To date, other studies aimed at
verifying the chromophore effect have involved borate groups in distinctly
different environments.
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First, the SHG profile was determined for the individual members of the
ABBF family. The resulting intensity as a function of particle size for each is
plotted in Figure 6.6. All of the materials show gradually increasing SHG signals
with increasing particle size, indicating that all members of the rhombohedral
ABBF family are phase matchable materials. Quantitatively, SHG from each
member of the ABBF family was compared to that of BBO for crystals 90-130
μm in size. Relative to BBO, the SHG intensities were 20% for KBBF, 18% for
RBBF and 11% for CBBF. Comparisons of the NLO susceptibilities in the
literature show the deff value for KBBF to be 22% that of BBO (0.49 pm/V vs. 2.2
pm/V).6, 35 Given the good agreement between the powder SHG values in this
study and the single crystal susceptibilities reported in the literature, deff values of
0.40 pm/V and 0.24 pm/V can be approximated for hydrothermally grown RBBF
and CBBF, respectively.

Because of the photosensitivity of Tl compounds

discussed earlier, the SHG response for TBBF was significantly lower than the
other ABBF compounds. The tan coloration from some of the crystals carried
over to the powder used for the analysis and resulted in some self absorption of
the frequency doubled light.

For this reason, it was excluded from the

comparative quantitative study. To investigate the chromophore effect in the
compounds without photosensitivity issues, SHG intensity was plotted as a
function of the packing density of coparallel [BO3]3- groups in Figure 6.7. KBBF,
RBBF and CBBF do exhibit this effect. With only 3 rhombohedral members of
the family available for study, it is difficult to tell whether the chromophore effect
here is simply an additive linear effect, or if the borate group packing density has
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Figure 6.6: Powder SHG profiles of rhombohedral ABBF compounds.
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a more complex effect. Nevertheless, there is a positive correlation between SHG
signal and number of coparallel [BO3]3- groups per unit volume, supporting the
idea of a chromophore effect.

Designed Crystal Growth of ABBF Materials
It has been established in previous sections that the ABBF compounds are
very appealing because of their encouraging NLO properties and their ability to
be synthesized as high quality crystals by tuning the composition during
hydrothermal synthesis. However, large crystals are needed for advanced studies
and use in solid-state devices, so a careful, engineered growth study was
performed on the ABBF system to determine the optimum growth parameters.
Previous work in this research group produced the solubility profiles for KBBF
and RBBF, but was limited to only a proof of concept transport experiment.36
Both materials maintained prograde solubility from 350-600 °C and also showed
increasing solubility with fluoride mineralizer concentration. Solubility values
ranged from 0.5 wt. % at 350 °C to 4 wt. % at 550 °C for both KBBF and RBBF.
These solubility coefficients are within the acceptable range for reasonable
hydrothermal growth rates. These, combined with the positive grade solubility
profile, suggest that hydrothermal growth of large single crystals is possible.
The aim of the current study was to optimize the transport growth
conditions and prepare the materials for scale up. This was achieved using 3/8”
o.d. silver ampoules and 3/8” i.d. fixed silver liners using the general procedure
for transport growth described in Chapter 2. When the floating silver liners were
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used, the sealed liner was crimped such that upon compression from the counterpressure water, a natural barrier between the feedstock and growth zones was
established. For growth in a fixed liner, a multi-hole baffle with an open area of
approximately 15% was attached to the ladder to control the thermal distribution
between zones. Growth was measured for each crystal in terms of mm/day along
(001) and perpendicular to (001). The idealized morphologies of the ABBF
crystals were determined using the Mercury computer program, and the (001) face
is the most prominent, hexagonal face.37 Growth rates were also measured in
terms of weight gain, but this can be deceptive if growth quality is poor when the
layers of new growth are not regularly aligned. As such, the quality of the growth
was assessed subjectively based on the amount of layering evident.
An extensive transport growth study was first performed for KBBF to
compare the growth quality and growth rates at different temperatures and
gradients for different mineralizers.

Table 6.5 summarizes this data.

The

maximum growth rate was achieved using 1 M KF at a temperature of 555 °C for
the dissolution zone and a temperature gradient of 50 °C. The seed crystal and
final growth product are pictured in Figure 6.8. The irregularly shaped seed
crystal grew to a much more regular hexagonal morphology. Here, the crystal
grew at a rate of 0.68 mm/day along (001) and 0.40 mm/day perpendicular to
(001) with good edge faceting. While this is an outstanding growth rate, the
quality of the growth was not reproducible for any other experiments above 535
°C with 1 M KF. Lower concentration fluoride mineralizers were also explored,
but similar difficulties were experienced with inconsistent layering at these high
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Table 6.5
Summary of Crystal Growth Parameters for KBBF

High Temperature Growth
Tfeedstock
(°C)

∆T
(°C)

Mineralizer

570
560
555
555
535

27
30
50
50
26

0.5 M KF
1 M KF
1 M KF
1 M KF
1 M KF

Growth of
(001)
(mm/d)
Irregular
Irregular
0.68
Irregular
Irregular

Growth perp. to
(001)
(mm/d)
Irregular
Irregular
0.40
Irregular
Irregular

Comments
Highly layered
Highly layered
Good faceting
Onset of faceting
Highly layered

Moderate Temperature Growth
Tfeedstock
(°C)

∆T
(°C)

Mineralizer

508
500
500
471
471
462

40
43
40
63
63
23

0.14 M KF
DI H2O
1 M KF
0.14 M KF
1 M KF
DI H2O

Growth of
(001)
(mm/d)
0.18
0.20
Irregular
0.11
Irregular
0.07

Growth perp. to
(001)
(mm/d)
0.11
0.10
Irregular
0.10
Irregular
0.08

Comments
Good faceting
Good faceting
Highly layered
Excellent faceting
Highly layered
Excellent faceting

Low Temperature Growth
Tfeedstock
(°C)

∆T
(°C)

Mineralizer

380

20

1 M KF

Growth of
(001)
(mm/d)
0.052
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Growth perp. to
(001)
(mm/d)
0.074

Comments
Best quality

Figure 6.8: KBBF seed (top) and final grown crystal (bottom) exhibiting good
edge faceting. Final growth product is approximately 6.5 mm in size
(on penny for scale).
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temperatures. More moderate temperature (450-500 °C in the dissolution zone)
experiments were performed with 1 M KF, but problems with layering persisted.
Higher solubility coefficients for 1 M KF and at higher temperatures likely led to
the irregular layered growth associated with these conditions. In fact, in several
experiments not included in Table 6.5 the seed crystal dissolved during the warmup process. To combat this, the effective solubility was lowered by using lower
concentration mineralizers at lower temperatures.
When deionized H2O or 0.14 M KF was used as a mineralizer at these
lower temperatures growth quality improved dramatically and growth rates were
once again measurable. Though a seed crystal was occasionally dissolved during
warm-up during these experiments, it occurred much less frequently than at
higher temperatures. Two sets of conditions were found to be optimal in this
moderate temperature regime. Using deionized water at a temperature of 500 °C
for the dissolution zone and a temperature gradient of 43 °C, KBBF crystals grew
at 0.20 mm/day on (001) and 0.10 mm/day perpendicular to (001). Slightly
slower rates (0.11 mm/day along (001) and 0.10 mm/day perpendicular to (001))
were observed with 0.14 M KF at 471 °C with a gradient of 63 °C, but here there
were fewer instances where the seed was lost completely.

Finally, lower

temperature experiments were performed using 1 M KF. The best quality growth
occurred at 380 °C over a narrow gradient of 20 °C. Growth was slow, only at a
rate of 0.052 mm/day on (001) and 0.074 mm/day perpendicular to (001).
Nevertheless, crystals grown under these conditions were the highest quality
obtained over the course of the KBBF study. Because of the small solubility
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difference caused by the low temperature and narrow gradient satellite
spontaneous nucleation was virtually nonexistent.
Using the results of the KBBF growth study as a guide, a less extensive
transport growth study was designed for RBBF. Because of the larger size of the
RBBF crystals produced during the solvent screening studies it was suspected that
RBBF would exhibit faster growth rates than KBBF. After several attempts
where the seed crystal dissolved, growth was finally achieved using 1 M RbF at a
temperature of 555 °C for the dissolution zone and a temperature gradient of 50
°C. As expected, RBBF grew faster than KBBF under these conditions. This was
the fastest growth rate observed for RBBF at 0.75 mm/day on (001) and 0.23
mm/day perpendicular to (001). Although the morphology of the crystal was not
ideal, it did not maintain a severely micaceous habit. Fast growth rates of 0.25
mm/day along (001) and 0.29 mm/day perpendicular to (001) were also observed
using 0.14 M RbF at moderate temperatures (471 °C, ∆T = 63 °C). Both the
crystal quality and the thickness of the crystal were improved under the more
moderate conditions. Improvements in quality also were observed in the low
temperature (same conditions as KBBF) experiment using 1 M RbF. The growth
rates here were 0.12 mm/day along (001) and 0.16 mm/day perpendicular to
(001).

As a general observation, under the most reliable conditions RBBF

crystals tended to grow faster, thicker and with more well-formed edges than
KBBF.

This is consistent with what was observed for crystals formed by

spontaneous nucleation. One would suspect that CBBF crystals would grow

189

better still as bulk crystals. Unfortunately, CBBF crystals of suitable size for use
as seeds were not obtained during the spontaneous nucleation experiments.
However,

some

of

the

mixed

composition

crystals

such

as

Rb0.86Cs0.14Be2BO3F2 were large enough to use as seed crystals. As an added
benefit, these crystals were less layered than RBBF seed crystals suggesting the
bulk crystals may also be of higher quality. The growth study for this material
was truncated still, only including the moderate and low temperature experiments
that produced the best results in the KBBF and RBBF studies.

For these

experiments 1 M fluoride mineralizers were made by mixing 86 mL of 1 M RbF
with 14 mL of 1M CsF. Less concentrated mineralizers were made by dilution of
this stock solution. Under moderate thermal conditions (471 °C, ∆T = 63 °C) the
mixed composition crystal grew at a rate of 0.15 mm/day along (001) and 0.25
mm/day perpendicular to (001). Based on the trends in spontaneous nucleation, it
is reasonable to think that the Cs substitution slowed the growth rate slightly from
that of RBBF.

The highest quality growth of any of the ABBF transport

experiments occurred using the low temperature scheme (1 M Rb0.86Cs0.14F at 380
°C, ∆T = 20 °C). These crystals were well formed, showed no tendency toward
layering and were completely clear. Optical micrographs of the seed crystals and
the resulting grown crystals are shown in Figure 6.9. The quality of these crystals
is superior enough to warrant a small sacrifice in observed growth rate. The
average growth rates were 0.088 mm/day on (001) and 0.12 mm/day
perpendicular to (001).

These rates, although slower than those of

Rb0.86Cs0.14Be2BO3F2 grown under moderate conditions, are comparable to the
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Figure 6.9: Cs0.14Rb0.86Be2BO3F2 seeds (top) and final grown crystals (bottom)
with excellent edge faceting, representing the highest quality ABBF growth.
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growth rates observed in the commercial production of hydrothermal KTP (about
0.12 mm/day).

This combination of composition (Rb0.86Cs0.14Be2BO3F2),

mineralizer (1 M Rb0.86Cs0.14F) and thermal conditions (380 °C, ∆T = 20 °C)
represent the optimized growth conditions for large single crystals of ABBF
materials.

A summary of the growth rates for ABBF materials under key

conditions explored is found in Table 6.6.

192

Table 6.6
Growth Rates of ABBF Crystals Under Key Conditions

KBBF

RBBF

Cs0.14Rb0.86Be2BO3F2

555 °C, ∆T = 50 °C, 1 M FGrowth on (001) (mm/d)
Growth perp. to (001) (mm/d)

0.68
0.40

0.75
0.23

N/A
N/A

470 °C, ∆T = 63 °C, 0.14 M FGrowth on (001) (mm/d)
Growth perp. to (001) (mm/d)

0.11
0.10

0.25
0.29

0.15
0.25

380 °C, ∆T = 20 °C, 1 M FGrowth on (001) (mm/d)
Growth perp. to (001) (mm/d)

0.052
0.074

0.12
0.16

0.088
0.12
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Conclusions
In response to the difficulties growing SBBO crystals discussed in Chapter
5, KBBF was explored as a candidate deep-UV NLO material for hydrothermal
growth. It soon became apparent that a family of ABBF (A = K, Rb, Cs, Tl)
compounds could be explored. Four different schemes were used to synthesize
these materials as powders to be subsequently as a feedstock for hydrothermal
recrystallization. The schemes were optimized in terms of precursor costs and
chemical flexibility (for the preparation of powders of mixed A metal
composition). These starting materials were found to recrystallize readily from
deionized water and fluoride mineralizers up to 2 M concentrations. KBBF and
RBBF crystals were formed 4-5 mm in size by spontaneous nucleation. TBBF
and CBBF crystals were somewhat smaller.

In particular, CBBF crystals

appeared to be very high quality, exhibiting minimal micaceous flaking that has
limited the development of KBBF by flux growth.
Structural studies showed that each ABBF member (with the exception of
NBBF) crystallizes in the acentric space group R32.

This represents a

redetermination of the crystal structures of RBBF and CBBF from previous
Russian reports and a novel determination for TBBF. The c-axis parameter of the
unit cells are highly influenced by the size of the monovalent metal. In addition,
the coordination environment about that metal improves greatly with increasing
metal size such that a highly distorted octahedron about K in KBBF is
transformed to a nearly regular octahedron about Cs in CBBF. The reduction of
this angular distortion and the presence of more ideal A-F bond distances for the

194

larger cations help reduce chemical strain within the structure, lessening the
occurrence of slip twinning in RBBF and CBBF. Solid solution studies were
performed on mixed compositions of KBBF-RBBF and RBBF-CBBF. Complete
substitutional solid solutions were observed for both series.

Because of Cs

clustering, the RBBF-CBBF solid solution showed a slight positive departure
from Vegard’s law. The KBBF-RBBF solid solution conformed to linearity. The
effects of substitution of larger cations on the improvement of crystal quality were
dramatic. The composition responsible for crystals of the greatest quality, lateral
size and thickness for spontaneously nucleated crystals was Rb0.86Cs0.14Be2BO3F2.
Powder SHG studies revealed that all rhombohedral ABBF members are phase
matchable materials. Based on quantitative comparisons, the NLO susceptibility
of KBBF was confirmed to be about 0.49 pm/V, while those of RBBF and CBBF
were approximately 0.40 pm/V and 0.24 pm/V, respectively.

These values

indicate that a chromophore effect from the coparallel borate groups is present for
this family of compounds
Finally, a number of transport growth experiments were performed to
optimize the growth of KBBF, RBBF and Rb0.86Cs0.14Be2BO3F2 in terms of rate
and quality. Satellite spontaneous nucleation was not nearly as inhibitive of
seeded growth for the ABBF family as it was for γ-LiBO2 and SBBO. This made
it much easier to obtain reliable data and identify real trends during the study. For
all ABBF materials, growth at moderate or low temperatures was preferred to
prevent the seeds from being dissolved during the warm-up process.
Additionally, the quality of the growth was superior at lower temperatures. RBBF
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grew very quickly and was the fastest growing material under all conditions.
Rb0.86Cs0.14Be2BO3F2 grew at about 74% of the rate of RBBF and KBBF grew at
about 42% of the rate of RBBF.

Crystals grown at relatively low temperatures

(380 °C, ∆T = 20 °C) were of the highest quality, and small sacrifices in growth
rate to obtain these crystals were well worthwhile.

Still, growth at low

temperatures occurs at a rate suitable for industrial production. In terms of crystal
quality, Rb0.86Cs0.14Be2BO3F2 was clearly the superior material, particularly when
grown at low temperature conditions. Although its NLO susceptibility is lower
than that of KBBF, the benefit of being able to grow higher quality single crystals
to a greater thickness at an acceptable rate makes Rb0.86Cs0.14Be2BO3F2 an ideal
candidate material for deep-UV NLO applications.

It has been shown that

hydrothermal methods are ideal for fine tuning all aspects of crystal growth
associated with rhombohedral ABBF materials. This work should help improve
the availability of deep-UV NLO materials while expanding the scope of
fluoroberyllium borates beyond KBBF.
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CHAPTER SEVEN
HYDROTHERMAL GROWTH AND PROPERTIES OF LANTHANIDE
SESQUIOXIDES
Introduction
Previous chapters have focused on hydrothermal methods as an alternative
when melt techniques are unfavorable for growing various borate crystals because
of various properties of the melt. Here, hydrothermal crystal growth is presented
as an option for the growth of highly refractory materials that melt at a
temperature where traditional melt techniques are not only unfavorable, but
unsuitable for the growth of crystals. The sesquioxides of scandium, yttrium and
the lanthanides are one such class of refractory materials (for ease of discussion
the term lanthanide sesquioxide, Ln2O3 (Ln = Sc, Y, La-Lu), includes the
sesquioxides of Sc and Y). These materials melt at very high temperatures,
>2400 °C, and to date, single crystals can only be grown by highly specialized
techniques. Lanthanide sesquioxides are sought after for their potential as host
mediums for high average power (1-100 kW) solid-state lasers, particularly for
military interests including LIDAR and missile defense.1-3 Like most military
technologies, these lasers would also subsequently translate to the commercial
sector. Chemical and gas lasers currently in use lack reliability and fall short on
many of the characteristics desirable for military use. These include wavelengths
around 1 micron or in the eye-safe region, ideal spot size, compact device design
and efficient diode pumping.4 It is well known that solid-state lasers possess

nearly all of these characteristics and can accommodate a number of lasing ions to
access a wide variety of wavelengths.5 The challenge comes about achieving high
average power from these solid-state lasers. To reach the desired output, a laser
crystal would need to be pumped with a large number of diodes.

Every

absorption-lasing event from this pumping is accompanied by the generation of
latent heat from vibrational relaxation of excited states to the lasing levels. The
laser crystal gets very hot from the nonradiative decay and detrimental effects
such as thermal lensing and even crystal cracking are inevitable.
The key to avoiding these effects is thermal management. A host medium
with a very high thermal conductivity can pull heat away from the crystal before
its performance is degraded. Unfortunately, readily available laser hosts such as
YAG (10 Wm-1K-1) and KGW (3.3 Wm-1K-1) are not suitable. Materials with
thermal conductivities higher than that of YAG are required. This is where hosts
such as Sc2O3, Y2O3 and Lu2O3 offer a significant advantage. Although the
literature reports a variety of thermal conductivities for these materials (12-17
Wm-1K-1), the values are all considerably higher than that of YAG.6

These

relatively high thermal conductivities make the sesquioxides promising for highpower applications.
The cubic bixbyite structure of these sesquioxides also provides
noteworthy advantages.7 The metal ions in this structure occupy two unique sites
with C2 and C3i point symmetries. When doped with a trivalent metal these
symmetry differences lead to broad absorption bands. This improves absorption
efficiency by minimizing the effects of variation in the pump wavelength. The
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cubic structure also means that thermal expansion (although small in these
materials) is equal in all crystallographic directions, minimizing thermal lensing
and crystal cracking. These materials are also appealing from an optical
standpoint. The lanthanides are well known for their efficient lasing emissions.6
Absorption also occurs at wavelengths readily available from diode lasers. For
example, Yb3+ absorbs the 941 nm emission of InGaAs diodes, and Tm3+ can be
pumped by 780 nm AlGaAs/GaAs diodes. The challenge, as alluded to earlier, is
synthesizing these lanthanide oxides in a usable form for a solid-state laser.
There are two general approaches to this problem, each with its own
challenges. The first approach is to grow a single crystal of the sesquioxide.
Because of the extremely high melting point of these oxides, techniques capable
of achieving this are limited. Czochralski, electrochemical, flux, laser heated
pedestal and optical floating zone methods have failed to produce crystals of
suitable size and quality.8-12 To date, the heat exchanger method has shown the
most promise.13 In this technique, the oxide powder is placed in a rhenium
crucible on a rhenium stand and insulated by inert gas and zirconia blanket. The
apparatus is heated by induction heating to melt the oxide. Cooling gas is then
directed over a small area on the bottom of the crucible to induce crystallization.
This gas is then exchanged for cooler gas to continue crystallization. Because
only a small portion of the melt is in contact with the cool portion of the crucible,
new nucleation on the crucible walls is minimized. While this has been the most
successful method developed so far, the heat exchanger method has several
shortcomings discussed later in the context of a hydrothermal alternative.
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The second approach to developing Ln2O3 solid state lasers is to use a
transparent ceramic oxide. Nanoscale oxide precursors are typically vacuum
sintered then pressed into a pellet using a hot isostatic press for densification.14
Although lanthanide oxide ceramic lasers are in the early stages of development
they have great potential. Large, transparent ceramic slabs can be prepared in
larger sizes and with relative ease compared to single crystals grown by melt
techniques.15 Recent work with Nd3+ and Yb3+ in Sc2O3 and Y2O3 ceramics has
reported that the absorption and emission from polycrystalline ceramic lasers are
comparable to melt-grown single crystals in their intensities, positions and
linewidths.16,

17

Problems with purity are inherent to these ceramics, however.

Impurities are segregated from single crystals at the growth interface, but there is
no such interface in the densification of ceramics. Therefore, impurities present
in the precursors are translated to the ceramic slabs and compromise the optical
performance. Because of the refractory nature of the oxide precursors, little has
been done to improve precursor purity.
The work in this chapter addresses both large single crystal growth and the
preparation of ultra-high purity lanthanide sesquioxide nanoparticles suitable for
use in transparent ceramic oxides. Although there are no reports in the literature
about the hydrothermal growth of single crystals of lanthanide oxides, Shafer and
Roy performed some key phase equilibria studies on a number of sesquioxide
systems in water.18,

19

These works were invaluable in the design of the

nucleation and growth experiments discussed in this chapter. They also provided
a starting point in the synthesis of trihidroxide and oxyhdroxide precursors for the
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lanthanide oxide nanoparticles. Some preliminary spectroscopic measurements
are also highlighted. This work will advance the development of lanthanide oxide
solid state lasers for use in both military and commercial sectors.
Spontaneous Nucleation of Scandium Oxide Single Crystals
Based on the work of Shafer and Roy, Sc2O3 is the stable phase in water
above 400 °C with ScO(OH) stable below this threshold.18 This equilibrium is
nearly independent of pressure. Since Roy did not report the formation of any
crystals of appreciable size (greater than 0.1 mm) it is reasonable to think that a
mineralizer should be added to the system to encourage crystal growth. High
concentrations (>10 M) of KOH were chosen as a mineralizer for two main
reasons.

Other fairly refractory oxides tend to dissolve and crystallize in

supercritical aqueous KOH. The growth of ZnO from 5 M aqueous base is well
known.20

Laudise and Marshall also had previous success mineralizing two

refractory oxides, Ta2O5 and Nb2O5, to form KTN using 13.2 M KOH.21
Chemically, KOH is also a sensible choice since basic solutions favor the
formation of oxides. Although at first glance one might think hydroxide solutions
would encourage the formation of the oxyhydroxide, ScO(OH) should be viewed
as a partially protonated oxide, and therefore more likely to form under less basic
conditions. For the other lanthanides, the trihydroxide phase Ln(OH)3 also exists
as a fully protonated oxide. High base concentrations seem favorable based on
this chemistry and precedent in other systems.
Spontaneous nucleation experiments were performed in 3/8” o.d. silver
ampoules approximately 7” in length.

The starting charge consisted of 1 g
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commercially available powdered Sc2O3 (Alfa Aesar, 99.9%) and 2.25-4.5 g KOH
(MV Labs, 99.99%).

Upon addition of 4 mL of deionized water, this

corresponded to 10-20 M KOH solutions. The purity of the KOH is a major
consideration.

Typically, KOH is only available in 85% purity with K2CO3

impurities. Like NaOH, KOH is manufactured using a chlor-alkali process.22 In
general, this involves the purification of a brine solution followed by electrolysis
of aqueous KCl to produce KOH, Cl2 and H2. This can be achieved using
mercury amalgam, diaphragm or membrane cells. The purification mechanism is
the primary difference between the three methods.

Mercury amalgam and

diaphragm cells use a K2CO3 additive to precipitate the primary impurities of Ca
and Mg as carbonates. This leaves some amount of excess K2CO3 in the solution.
The membrane cell uses a much cleaner ion exchange membrane to filter impurity
ions, so no carbonate is required (but the process is slower and more expensive).
When the solution from the mercury and diaphragm cells is subjected to
electrolysis, some of the K2CO3 is converted to the percarbonate, K2(CO3)2.
Because of the presence of this powerful oxidant, severe silver attack was
observed whenever 85% KOH was used to grow any Ln2O3 in silver ampoules.
Only 99.99% KOH produced from a membrane cell process was suitable for high
quality, reliable crystal growth.
Initial spontaneous nucleation experiments at 450 °C using 15 M KOH
produced only microcrystalline powder after 10 days. Although grains were
barely visible in an optical microscope these were confirmed to be Sc2O3 by
powder XRD. Increasing the temperature to 530 °C for 10 days permitted the
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formation of one Sc2O3 crystal about 0.1 mm in size amongst remaining
microcrystals. In the next experiment, 20 M KOH was used as the mineralizer at
585 °C for 10 days and Sc2O3 crystals grew as cubes up to 0.5 mm in size.
Increasing the temperature to 630 °C for 14 days improved the size even more,
forming crystals up to 2 mm in size. Slightly larger crystals are required for use
as seed crystals for subsequent transport growth, so the same experiment was
performed for 21 days to encourage more growth. These crystals were clear,
colorless cubes up to 3.3 mm in size, large enough to use for seeded growth.
Figure 7.1 is an optical micrograph of these crystals. The trend of increasing
crystal size with increasing temperature and time is suggestive of positive grade
solubility, and encouraging for transport growth.
Doping Sc2O3 is mostly a straightforward process. Substituting a certain
percentage of the charge with another lanthanide oxide resulted in substitution in
the final crystals produced. The elemental composition of these crystals was
quantified using EDX. For example, a charge consisting of 0.99 g of Sc2O3 (7.2
mmol) and 0.03 g Yb2O3 (0.08 mmol) (nominally 1.1% Yb) commercial powders
resulted in crystals with a final composition of 1.2% Yb after crystallization by 20
M KOH at 630 °C. The resulting crystals were approximately 1 mm in size.
Additional experiments with different concentrations of powders produced
Yb:Sc2O3 crystals of 0.1% Yb and 9.3% Yb, with final compositions always very
close to the composition of the starting charge.

Using these crystals, an

abbreviated Vegard’s law plot (Figure 7.2) was graphed showing the dependence
of axis length on Yb3+ concentration. Like the KBBF-RBBF solid solution in
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Figure 7.1: Sc2O3 single crystals obtained by hydrothermal
spontaneous nucleation.
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Chapter 6, the data points fall along a linear path between Sc2O3 and Yb2O3
suggesting an even distribution of dopant throughout the host.
Other dopants were also explored, and the successful syntheses of
Nd:Sc2O3, Er:Sc2O3, Ho:Sc2O3 and Tm:Sc2O3 crystals were achieved. In these
cases, minor side products were observed that caused the composition of the
crystals to differ slightly from the composition of the starting charge. Ternary
lanthanide orthoscandates, LnScO3 are known for Ln = La-Ho and have been
prepared as powders using traditional solid-state techniques.23 These compounds
do not have the bixbyite structure and instead crystallize in the Pbnm space group.
The lanthanide is actually a poor fit for its crystallographic site, taking on a
distorted environment with 8 very short Ln-O bonds and 4 very long Ln-O bonds.
Lanthanides with smaller atomic radii experience the most distortion, and HoScO3
lies at the critical tolerance for distortion before structural rearrangement to the
bixbyite structure occurs.23 Lanthanides exceeding this critical tolerance (Er-Lu)
overcome this distortion by forming a solid solution with Sc2O3.

As such,

NdScO3 crystals formed as a side product to Nd:Sc2O3. Interestingly, the side
product to Ho:Sc2O3 was not the orthoscandate, but rather HoO(OH).

The

oxyhydroxides of Er and Tm were observed as side products in their respective
reactions as well. All the oxyhydroxide crystals could be easily separated based
on their plate-like morphology.
Of all doped scandia crystals formed by spontaneous nucleation, Er:Sc2O3
were the largest with high quality crystals up to 1.5 mm in size and
polycrystalline chunks up to 4 mm in size. This is very promising because Er3+ is

208

an excellent lasing ion for eye-safe applications (>1.5 μm). Transport growth
techniques discussed in the following section could be used to grow very large
crystals. Co-doping of Sc2O3 was also achieved and small crystals (<1 mm) of
(2% Ho, 0.5% Tm):Sc2O3 and (9.1% Yb, 1.7% Er):Sc2O3 have been grown. The
advantage offered by co-doping is that the active ions can be selected so that one
acts as a sensitizer to maximize absorption efficiency while the second ion
provides the lasing emission. For example, an ion with a low pumping efficiency
such as Er3+ can be sensitized by an ion such as Yb3+ which has a broad
absorption band into its 2F5/2 state. The energy of this state is then nonradiatively
transferred to the 4I11/2 manifold of Er3+ which relaxes to the 4I13/2 (emitting at 2.8
μm) and then has a very efficient 1.55 μm emission for the transition into the 4I13/2
ground state.24
The hydrothermal synthesis of Y2O3 crystals is not quite as simple as it is
for Sc2O3. For yttria, the boundary between the oxide and oxyhydroxide phases
occurs at about 650 °C.19 Reaching this temperature is not simply enough; the
entire ampoule must be above this threshold to avoid segregation of YO(OH)
crystals in the coldest portion of the vessel. In the interest of preserving the
longevity of the autoclaves, experiments above 675 °C are rarely performed
unless necessary. Thus, any experiment performed to recrystallize Y2O3 had a
very narrow temperature differential, below 25 °C. Because of this, Y2O3 was
only grown as a microcrystalline powder using this scheme. This behavior helps
to explain the oxyhydroxide side products that formed during the growth of
trivalent Ho, Tm and Er doped Sc2O3 where the entire ampoule was not above the

209

oxyhydroxide-oxide transition temperatures for the dopant lanthanides.

The

crystallization of the oxyhydroxides of yttrium and other lanthanides under
hydrothermal conditions is discussed later as a very useful process for
synthesizing ultra-high purity precursors for transparent ceramic oxides. It should
be pointed out that in principle there is no restriction on the growth of Y2O3
crystals analogous to Sc2O3. However, the higher temperatures require somewhat
costlier technology, so the scandia system is serving as the initial case study.

Growth of Large Single Crystals of Sc2O3
For careful spectroscopic studies and laser device prototyping, crystals of
approximately 1 cm/side are required. Thus, transport growth experiments are
required.

Hydrothermal methods offer an attractive alternative to the heat

exchanger and Czochralski methods for single crystal growth that have previously
enjoyed the most success growing Sc2O3. An obvious advantage is the lower
growth temperature which greatly reduces thermal strain in the crystals and leads
to a lower overall energy usage. A second advantage is the reduction of impurities
and defects in the bulk crystal. The heat exchanger and Czochralski techniques
require a rhenium crucible to contain the melt, since Pt and Ir melt below the
melting point of Sc2O3. Although it remains a solid, Re is not entirely inert at
these temperatures, and diffuses into the melt and subsequently becomes part of
the bulk crystals. Growth also requires an inert helium or N2/H2 atmosphere to
protect the Re crucible from oxidation, further complicating the growth apparatus.
Since oxygen can not be present in the growth atmosphere, the resultant crystals
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tend to be oxygen deficient and develop color centers.13 Scalability is also an
issue for each of the high temperature growth techniques. Czochralski growth has
been limited to 2-5 mm crystals because of uncontrollable lateral growth or seeds
that lost contact with the melt.8 The heat exchanger method has successfully
produced large crystals of Sc2O3, but these crystals suffered from gas inclusions
and polycrystalline regions limiting the single crystalline volume.

The size

limitations and expense of rhenium crucibles are also a concern. Thus, the field is
ripe for alternative crystal growth techniques.
The techniques for optimizing hydrothermal crystal growth parameters
have been thoroughly discussed in the previous chapters. The work here is a
preliminary study to show the feasibility of hydrothermal methods as a new
growth technique for Sc2O3 single crystals. Seed crystals 3-4 mm in size were cut
from Sc2O3 pieces grown by the heat exchanger method.

Based on the

temperature range and base concentration that led to the best spontaneous
nucleation, it was expected that Sc2O3 had a relatively low solubility. Because of
this, wide temperature gradients (>50 °C) were explored to maximize the
solubility differential between the feedstock and growth zones. The apparent low
solubility was actually favorable in the sense that the seed crystals were never
dissolved during the warm-up process. Initial experiments using Sc2O3 powder as
feedstock and 20 M KOH as a mineralizer were performed at 650 °C with ∆T =
90 °C and showed fast average growth rates of 0.17-0.24 mm/side/day. Growth
under these conditions was irregular and in some cases, one side of the crystal
would actually be dissolved in favor of the other sides of the seed. Although there
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was some spontaneous nucleation, it was distributed evenly throughout the
ampoule and did not seem to greatly quench growth on the seed. For experiments
lasting 7-10 days some of the feedstock was never recrystallized as seeded growth
or spontaneous nucleation. When growth was performed at a slightly lower
temperature (630 °C) with the same gradient and mineralizer, the growth rate was
reduced to 0.15 mm/side/day, but had improved clarity. Although all sides of the
crystal showed positive growth, one side grew at a noticeably slower rate.
Breakthrough progress was made at 630 °C by employing a somewhat
narrower gradient (∆T = 70 °C) to encourage more regular growth.

The

experiment was also lengthened to 21 days to consume a greater amount of the
feedstock.

While the mineralizer remained 20 M KOH, the feedstock was

comprised of Sc2O3 crystals from previous hydrothermal runs. This chunkier
feedstock permitted better mineralizer circulation and easier dissolution of the
feedstock. Growth from this experiment was very regular, and of higher quality
than the higher temperature, wider gradient experiments. The average growth rate
was 0.12 mm/side/day, and the clarity of the growth improved dramatically as it
moved farther away from the seed crystal and tying wire. Optical micrographs of
the seed and grown crystals are shown in Figure 7.3. A large portion of new
hydrothermal growth can be seen on the bottom right portion of the crystal, where
new growth was free from the influences of impurities and lattice strain in the
seed crystal. This transport study indicates that high quality Sc2O3 can be grown
at rates comparable to those of KTP. Yb:Sc2O3 (1% Yb3+) was also grown using
using this approach at an identical rate. Further optimization is underway.
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Figure 7.3: Sc2O3 seed (top) and hydrothermally grown (bottom) crystals.
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Synthesis of Lanthanide Sesquioxide Nanoparticles
In addition to large single crystals of Ln2O3, there is also great interest in
obtaining lanthanide oxides at the other end of size scale. Sub-100 nm Ln2O3
particles are desirable as feedstock in transparent ceramic oxides. Two aspects
have limited the development of these ceramics for solid state lasers. The major
difficulty in the preparation of transparent ceramic oxides is obtaining lanthanide
oxide powders of suitable purity (<1 ppm impurity content). Ultra-high purity
lanthanide oxides, nitrates and chlorides are simply not commercially available.
Because of the highly refractory nature of the ores from which the oxides are
extracted, even materials of moderate purity are difficult and expensive to obtain.
If ultra-high purity oxides could be obtained, a second challenge remains in
processing these oxides to sub-100 nm particle sizes. Both of these issues are
addressed in this section using a hydrothermal precursor technique.
Over the course of the spontaneous nucleation study, it became very
apparent that crystals of LnO(OH) and Ln(OH)3 were very easy to synthesize
from the commercial oxide starting powders under moderate hydrothermal
conditions (300-575 °C) using 1-20 M aqueous base in silver ampoules. These
precursors conveniently decomposed to the oxides at temperatures below 500 °C.
Nd, Dy, Ho, Er, Tm and Yb-doped precursors were also readily prepared in this
manner with no phase separation. The hydrated precursors were not nanoparticles
at this point, but the first goal was to achieve ultra-high purity. A great advantage
of this precursor technique is that it can be repeated many times. It is generally
accepted that for each recrystallization step the purity is improved by an order of
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magnitude. Thus, hydrothermal crystallization of the precursors followed by
thermal decomposition performed in multiple cycles will ultimately lead to higher
purity oxides. Oxides obtained using this method were characterized by EDX for
elemental analysis and their absorption and emission spectra were obtained using
fluorescence spectroscopy.
In addition to purification, the precursor approach also affords flexibility
in addressing the challenges of obtaining nanoparticles. The ultra-pure Ln(OH)3
and LnO(OH) species prepared above are both soluble in nitric and hydrochloric
acids producing ultra-high purity nitrate and chloride solutions. This opens the
door for any number of room temperature wet chemical or low temperature
hydrothermal approaches to synthesize Ln(OH)3, Ln(OH)CO3 or other nanosize
precursors that can be decomposed to ultra-high purity oxide nanoparticles. Two
of these approaches are highlighted here. The hydrothermal synthesis of metal
oxide nanoparticles was recently reviewed by Rajamathi and Seshadri.25 The
direct hydrothermal synthesis of metal oxide nanoparticles generally occurs at low
temperatures (<200 °C) since higher temperatures tend to lead to larger crystallite
sizes. Because Ln(OH)3 is the stable phase below 200 °C the direct preparation of
Ln2O3 nanoparticles is obviously not possible, and a thermal decomposition step
is required to reach the oxide. This approach has recently been used to produce
Dy2O3 nanotubes 40-500 nm in diameter.26

A second method has proven

successful in the preparation of CeO2 and Gd:CeO2 nanoparticles 30-50 nm in
size.27, 28 In this technique, a nitrate solution (or mixed nitrate solution for the
gadolinia doped ceria) was added dropwise to an ammonium carbonate solution to
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produce a Ce(OH)CO3•3-4H2O suspension. This suspension was then calcined
(including oxidation of Ce3+ to Ce4+) to produce CeO2 nanospheres.
Both approaches have been extended to the synthesis of Y2O3 and doped
Y2O3 nanoparticles in the present study. Yttria was chosen as the test case since
compounds of yttrium are much less expensive than those of scandium and
lutetium. Hydrothermal experiments in Teflon-lined autoclaves were performed
first, reacting Y(NO3)3•6H2O (9.4 mmol) with KOH (45 mmol) at 180 °C for 18
hours. The resulting product was characterized as Y(OH)3 by powder XRD, then
thermally decomposed to the oxide. The powder pattern of the oxide showed
slight broadening of peaks, suggesting sub-micron particle sizes. Subsequent
experiments involving Er3+ and Yb3+ dopants (up to 25%) were performed using a
slightly milder hydrothermal treatment (120 °C). These experiments resulted in
the formation of Ln:Y(OH)3 nanorods which were thermally decomposed to
Ln:Y2O3 nanorods. Er:Y2O3 nanorods obtained in this manner are pictured in the
SEM image in Figure 7.4.

Some rods appear to have a hollow, tube-like

morphology. In general, the rods are about 300 nm in diameter and about 2
microns in length. Figure 7.5 is a TEM image of some of the smaller Er:Y2O3
nanorods. These have a diameter of approximately 100-150 nm.
Room temperature wet chemical syntheses of yttrium hydroxycarbonate
and doped yttrium hydroxycarbonate nanoparticles were also performed using the
carbonate precipitation technique described earlier. As a representative example,
150 mL of a 0.3 M solution of Er and Y nitrates (25% Er) were added dropwise to
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Figure 7.4: Electron micrograph of hydrothermally synthesized
Er:Y2O3 nanorods.
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Figure 7.5: TEM image of smaller hydrothermally synthesized Er:Y2O3 nanorods.
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150 mL of a 0.7 M solution of (NH4)2CO3 over a one hour period.

The

concentrations of the solutions have been shown to be influential in determining
the size and morphology of the nanoparticles formed.27

The resulting

hydroxycarbonate suspension was dried and decomposed to 25% Er:Y2O3 at
various temperatures for 2 hours. Powder XRD patterns of these products are
shown in Figure 7.6. The sharpening of the characteristic Y2O3 peaks indicates
increased particle sizes with increasing temperature.

This is verified by the

electron micrographs in Figure 7.7. Er:Y2O3 was obtained in particle sizes as
small as 200 nm. These nanoparticles had a more spherical morphology. The
effects of spherical versus rod-like nanoparticles on ceramic processing should be
investigated in the future. Like the hydrothermal synthesis of nanoparticles, this
wet chemical synthesis is amenable to other important lanthanide dopants such as
trivalent Nd, Dy, Ho, Tm and Yb.

Synthesis of the nanoparticles was also

achieved using nitrate solutions made from ultra-high purity lanthanide
oxyhydroxides crystallized under moderate hydrothermal conditions as described
earlier.

Thermal Decomposition of Precursors to Lanthanide Sesquioxides
The thermal decomposition profiles were studied by DSC/TGA for parent
and doped precursors of Y(OH)3, YO(OH) and Y(OH)CO3•4H2O heated to 800
°C. In all cases the final product was Y2O3 (or doped Y2O3). YO(OH) had the
simplest thermal profile, shown in Figure 7.8 with a single event at 482 °C
corresponding to the loss of 0.5 H2O relative to YO(OH) according to equation

219

220
9.0

13.0

17.0

21.0

As precipitated

Fired 300C 2h

Fired 500C 2h

Fired 700C 2h

25.0

29.0

33.0

37.0

41.0

45.0

49.0

53.0

57.0

61.0
Deg.

Figure 7.6: Powder XRD profiles Er:Y2O3 obtained by thermal decomposition of a Er:Y(OH)CO3•4H2O precursor.
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of the other scale bars.

221

222
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Exo Up

Heat Flow (W/g)

3.5

0

Temperature (°C)

400

482.51°C

600

6.638% 1/2 H2O loss
(0.4480mg)

Figure 7.8: Thermal profile of YO(OH) decomposition.
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7.1. The observed weight loss was 6.64%, in good agreement with a theoretical
loss of 7.38%.

For Ln:YO(OH), the temperature of the weight loss shifted

slightly to lower temperatures. Although the compounds were crystallized as high
purity materials, from the standpoint of thermal decomposition the dopant acts as
an impurity. This dopant lowers the lattice energy of YO(OH), causing it to
decompose at lower temperatures. A shift of up to 19 °C was observed when 6%
Dy was doped into YO(OH). DSC curves for parent and doped YO(OH) are
overlaid in Figure 7.9 demonstrating this effect.

482 °C
2 YO(OH)

Y2O3 + H2O

(7.1)

Y(OH)3 decomposes by a two step process. The first step is the loss of 1
H2O at 299 °C to produce YO(OH) as in equation 7.2. The second step occurs
according to equation 7.1, but at 432 °C, and corresponds to the loss of 0.5 H2O
relative to Y(OH)3. Here, the theoretical weight loss is 12.87% for step one and
6.43% for step two. The observed losses of 11.46% and 6.39% are again in
agreement. Both thermal events are indicated by very well defined endotherms in
the thermal profile in Figure 7.10. It is interesting to note that although the
second endotherm of Figure 7.10 corresponds to the same event as the endotherm
in Figure 7.8, it occurs 50 °C cooler. The YO(OH) formed from equation 7.2 is
slightly destabilized relative to the YO(OH) of equation 7.1. This is because the
hydroxide groups that contribute to H2O loss from Y(OH)3 are nonspecific. Thus,
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upon structural rearrangement, some of the hydroxide groups are not in their
idealized location for YO(OH), creating a strained structure. Like Ln:YO(OH),
the hydroxide-strained YO(OH) has a lower lattice energy permitting
decomposition to the oxide at lower temperatures. As expected, both endotherms
in the thermal profile of the doped trihydroxide species were also shifted to lower
temperatures. A comparison of these DSC curves is given in Figure 7.11. The
endotherms for water loss from more heavily doped species again occurred at
lower temperatures. Because of the combined effects of doping and hydroxide
strain the transition temperature to the oxide is as low as 408 °C for 8.1% Yb3+
and 1.7% Er3+ co-doped Y(OH)3.

299 °C
Y(OH)3

YO(OH) + H2O

(7.2)

The decomposition process for the Y(OH)CO3•4H2O precursor is the most
complex, and the thermal profile of this material had the poorest definition.
Figure 7.12 shows this thermal profile for Er:Y(OH)CO3•4H2O.

The doped

material was chosen simply because it was easiest to differentiate between the
thermal events. Since the DSC portion of the profile was not well-defined, no
correlation could be made between temperatures of the thermal events and
varying dopant levels. The four hydrates were too weakly bound to be influenced
by small changes in lattice energy caused by doping. Weight loss for the parent
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compound occurs in three steps detailed by equations 7.3-7.5. Loss of the four
hydrates occurs around 145 °C followed by a loss of 0.5 H2O relative to the
original compound from the hydroxide group at 250 °C. Loss of CO2 occurs
slowly from 300-700 °C to leave the oxide.
Decomposition according to this scheme was verified by TGA in the
thermal profile. Observed weight loss again maintained good agreement with
theoretical calculations (correcting for the presence of Er in the annotations of
Figure 7.12). It should be noted that the hydroxycarbonate species had more
surface water (lost prior to 100 °C) than the other precursors studied. Although
this work is in its early stages, it is clear that a variety of techniques are available
to prepare pure lanthanide oxide nanoparticles.

145 °C
Y(OH)CO3•4H2O

Y(OH)CO3 + 4 H2O

(7.3)

250 °C
2 Y(OH)CO3

“Y2O(CO3)2” + H2O

(7.4)

Y2O3 + 2 CO2

(7.5)

300-700 °C
“Y2O(CO3)2”
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Preliminary Spectroscopy of Doped Lanthanide Sesquioxides
There are several lanthanides that have laser transitions of particular
interest for high average power lasers, including trivalent Nd, Dy, Ho, Er, Tm and
Yb. This work has demonstrated that these dopants can be readily incorporated
into Sc2O3 and Y2O3 single crystal and nanoparticle hosts. This section briefly
addresses some of the preliminary excitation and emission spectroscopy
characteristic of the active lanthanides.
There are two general classes of emissions that are most interesting for
high average power applications. The first class of emissions involves those
around 1 μm, primarily accessible using Nd3+ (1064 nm) and Yb3+ (1041 nm)
dopants. These lasers could find initial application in missile defense, since
highly focused beams from this area of the infrared could transfer enough heat to
a warhead to cause it to break apart. The second area of interest is for lasers that
emit in the eye-safe region (>1550 nm) from trivalent Er, Tm and Ho dopants. It
is in this region where the preliminary spectroscopy in this study is focused.
These lasers have great potential in the areas of distance and range finding since,
as the name implies, even intense emissions in this region do not cause ocular
damage in humans and animals that may be in the path of the laser. Because of
the difficulties in preparing samples as noted earlier, virtually no detailed
spectroscopy has been performed in these systems.
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Excitation and emission spectra Er:Y2O3 (3% Er3+) and Yb,Er:Sc2O3
(8.1% Yb3+, 1.7% Er3+) were studied and are shown in Figure 7.13.

The

excitation spectrum was collected for a constant emission of 1550 nm. Peaks
were observed at 800 nm in both spectra for the 4I15/2 → 4I11/2 excitation in Er3+.
The peaks around 900 and 940 nm are only visible in the co-doped sample, and
are attributed to the 2F7/2 → 2F5/2 excitation in Yb3+. This verifies the proposed
mechanism for energy transfer between Yb3+ and Er3+ described earlier (since the
1550 nm emission is well known to correspond to Er3+). There are two distinct
peaks here because of the large Stark splitting afforded by the crystal field of
Sc2O3.29 The excitation at 980 nm is also present in both overlaid spectra and
arises from the 4I15/2 → 4I9/2 transition in Er3+.
The emission spectra were collected from a constant 980 nm excitation.
Since this excitation is specific to Er3+, one would expect the spectra to be similar
in both intensity and emission wavelengths (as the co-doped sample does not take
advantage of Yb3+ absorption and energy transfer for the excitation wavelength
used). As expected, the primary emission is from the 4I13/2 → 4I15/2 transition at
1550 nm. The various Stark splitting levels for the 4I15/2 state lead to a number of
shoulders and minor peaks associated with the primary emission. Shifts to shorter
wavelengths for some of these minor peaks are likely due to the stronger crystal
field of Sc2O3 compared to Y2O3.30
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Figure 7.13: Excitation (top) and emission (bottom) spectra of Er:Y2O3 (solid
circles) and Er,Yb:Sc2O3 (open circles).
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Most of the interesting eye-safe spectroscopy for Ho3+ and Tm3+ (>1.8
μm) occurs beyond the detection limit of the instrument used to collect this
preliminary data. Ho3+ has a strong laser emission at 2.06 μm from its 5I7 → 5I8
transition and Tm3+ emits at 1.8-1.9 μm from its 3F4 → 3H6 transition. However, a
1.5 μm emission is also present for Tm3+ and can be accentuated by co-doping
with Ho3+.31 The 3H4 → 3F4 transition that lases at 1.5 μm can be a short-lived
lasing event since the lifetime of the lower level state is significantly longer than
the upper level state. Eventually, population inversion no longer occurs because
the 3F4 state becomes overpopulated relative to the 3H4 state. The 3F4 → 3H6
transition mentioned above can relieve some of this overpopulation, but the
energy from the 3F4 state can also be transferred to the 5I7 state of Ho3+. This
depopulates the 3F4 state of Tm3+, allowing the 3H4 → 3F4 transition to proceed
continuously. Since the 2.06 μm emission of Ho3+ is more efficient than the 1.81.9 μm emission of Tm3+, this is the preferred route for producing 1.5 μm
radiation from trivalent Tm.

Figure 7.14 shows the excitation and emission

spectra for Ho,Tm:Sc2O3 (2% Ho3+, 0.5% Tm3+), including the characteristic 1.5
μm emission. The excitation spectrum was measured based on a steady 1575 nm
emission, while the emission spectrum was recorded from 780 nm excitation. As
mentioned earlier, Tm3+ is attractive because of this pumping into the 3H4 state by
780 nm radiation available from AlGaAs diode lasers.
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Figure 7.14: Excitation (top) and emission (bottom) spectra of
2% Ho, 0.5% Tm:Sc2O3.
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Conclusions
Hydrothermal methods have been shown to be very versatile in the
synthesis of lanthanide sesquioxides. Sc2O3 single crystals up to 3.5 mm in size
were obtained by spontaneous nucleation from 20 M KOH at 630 °C. These
crystals could be doped with trivalent Nd, Ho, Er, Tm and Yb, and single crystals
of Er:Sc2O3 and Yb:Sc2O3 up to 1.5 mm in size were obtained (with smaller sizes
for the other dopants). Co-doping was also demonstrated. Large single crystals
of Sc2O3 were grown with large areas of clear, high quality hydrothermal growth.
The best quality growth occurred at a rate of 0.12 mm/day at 630 °C over a
gradient of 70 °C in 20 M KOH. This is approximately 1800 °C lower in
temperature than other melt-based methods currently in use, leading to crystals
with less thermal strain and fewer impurities. All indications strongly suggest
that large crystals for commercial laser applications can be grown by this method.
Sc2O3 and Y2O3 have also been prepared as ultra-high purity nanoparticles
for use as transparent ceramic oxides. Doping with trivalent Nd, Dy, Ho, Er, Tm
and Yb was also demonstrated for these nanocrystals, and high doping levels were
achieved when desired. Preparation of the nanoparticles was achieved by thermal
decomposition of LnO(OH), Ln(OH)3 and Ln(OH)CO3•4H2O precursors.
Purification of the precursors was achieved by multiple hydrothermal
crystallization steps. The decomposition process was characterized by DSC/TGA
and showed great sensitivity toward the presence of dopants in the precursors.
Spectroscopic measurements from both single crystals and nanocrytalline
powders showed broad absorption bands and strong emissions from the dopant

235

ions. Development of this novel low temperature hydrothermal growth technique
for Ln2O3 single crystals and the purification and preparation of Ln2O3
nanoparticles for transparent ceramics represent major advances in the area of
lanthanide sesquioxide solid-state lasers.
Optimization of Sc2O3 single crystal growth conditions should be
performed and extended to crystals doped with ions of interest. This will rapidly
advance the development of single crystal lasers based on lanthanide
sesquioxides. The processes for obtaining Ln2O3 nanoparticles should also be
optimized by examining the effects of solvent, temperature and processing time.
This should lead to a greater control of particle size and morphology, further
improving these precursors used for transparent ceramic oxides. Furthermore,
advanced spectroscopic studies and lifetime measurements should be performed
as both single crystalline and ceramic materials are developed. Of particular
interest is the 2.8 μm emission of Er3+ which has not been studied for these hosts.
The new perspectives about the growth of Ln2O3 single crystals and nanoparticles
presented in this chapter provide a solid backbone for the advancement of
lanthanide-based solid state lasers.
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CHAPTER EIGHT
SUMMARY AND PERSPECTIVE

The growth of large, high quality single crystals with interesting optical
properties is paramount to the advancement of optical technology. As important
as it is, crystal growth is often overlooked and understudied in the academic
world. Studies are even limited within the small community of crystal growers,
as almost all crystal growth of optical materials occurs by classical melt
techniques.

Many promising as well as commercially established optical

materials suffer from performance and crystal growth limitations directly
attributed to these melt techniques.

This dissertation addresses the need to

explore and understand alternative crystal growth techniques in order to provide
the optical industry with new or improved crystals that can open the door for new
optical applications.

Hydrothermal crystal growth was studied in this vein,

focusing on two classes of optical materials, those of UV non linear optical
(NLO) materials and solid state laser hosts.
While attempts to synthesize crystals of the well-known commercially
available NLO materials LiB3O5 (LBO) and β-BaB2O4 (BBO) were unsuccessful,
rich descriptive chemistry was uncovered in both the lithium borate and barium
borate systems. Several noncentrosymmetric lithium borates were synthesized,
but the most noteworthy was γ-LiBO2. It possesses interesting optical properties
including a strong NLO response and transparency to 135 nm, well into the deep-

UV. This transparency corresponds to one of the widest band gaps known for any
oxide-based material. A full hydrothermal growth optimization was performed,
and large crystals were routinely grown at an incredibly fast growth rate of 2.1
mm/day.

While studying the hydrothermal chemistry of BBO, a number of

advances were made in the area of borate crystal chemistry. Four novel hydrated
barium

borates

(Ba2B5O9(OH),

Ba3B12O20(OH)2,

Ba2B7O12(OH)

and

Ba3B6O11(OH)2) were synthesized and their structures were determined and
characterized.

There is great structural variety among these compounds.

Ba2B5O9(OH) and Ba3B12O20(OH)2 have structures consisting of borate sheets,
Ba2B7O12(OH) has a complex framework structure and Ba3B6O11(OH)2 is
characterized by independent borate chains. Ba3B6O11(OH)2 is especially
interesting since it crystallizes in the noncentrosymmetric space group Pc and is
another example of the propensity of borates to crystallize without a center of
symmetry. A novel hydrothermal route was also established to synthesize crystals
of Ba2B5O9Cl. This is a promising material for NLO as well as phosphorescent
applications.

A proof of concept growth experiment was performed on this

material and crystals were grown up to 6.7 mm in size at a good growth rate of
0.18 mm/day. This work should encourage future exploration of novel borate
structures as well as a more in-depth study of the hydrothermal growth and
properties of haloborates.
There is also great interest in expanding the capabilities of NLO materials
by accessing wavelengths that can not be reached by LBO and BBO. This
motivated the hydrothermal investigation of Sr2Be2B2O7 (SBBO), a NLO material

240

reported to be transparent below 200 nm that has resisted growth by melt
techniques. SBBO crystals were successfully synthesized hydrothermally using
NaOH and NaCl solutions. While the crystals demonstrated good NLO properties
and optical transparency below 200 nm, problems with layering caused
mineralizer to be trapped within the crystals as they grew.

A low relative

solubility and marked tendency toward spontaneous nucleation also conspired
against the growth of large, high quality crystals.
descriptive chemistry was encountered.

However, interesting

The study of SBBO resulted in the

synthesis of three novel compounds, including two acentric hydrated borates
(Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH)) and LiBeSr2B3O8, a centrosymmetric
anhydrous borate.
Significant advancements were made in the growth of fluoroberyllium
borates (ABe2BO3F2, ABBF, A = K, Rb, Cs, Tl) for deep-UV NLO applications.
These materials possess transparency to 155 nm and have a strong, phase
matchable SHG response. Only the potassium analog, KBBF, has been studied in
any detail, and significant difficulties have been encountered growing crystals
from a flux. The Rb and Cs analogs (RBBF and CBBF) have remained unstudied
since their initial structure determination in the C2 space group. Herein, a novel
hydrothermal synthetic route was devised, producing large, high quality ABBF
crystals by spontaneous nucleation. The structures of RBBF and CBBF were
redetermined in the R32 space group, and the novel compound TlBe2BO3F2 was
also synthesized and added to the rhombohedral family of compounds. Very
interesting solid solution behavior was observed within the family, and partial A-
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site substitution was shown to reduce layering effects and improve crystal quality.
The NLO properties of the hydrothermally synthesized ABBF crystals were also
studied, confirming the properties of KBBF reported by other authors and
suggesting NLO susceptibilities of approximately 0.40 pm/V for RBBF and 0.24
pm/V for CBBF, making all of the materials suitable for UV harmonic generation.
This study also provided direct evidence of a cooperative “chromophore” effect
thought to lead to high NLO susceptibilities.

Finally, the growth of ABBF

compounds as large single crystals was optimized in terms of temperature,
gradient, mineralizer and composition. Using an optimized scheme, large crystals
with no apparent layering problems have been grown at rates suitable for
industrial production (>0.1 mm/day).

Scale-up of the optimized scheme

established in this work should quickly (and routinely) produce crystals in excess
of 1 cm in size, suitable for testing and use in optical devices, successfully
extending the limits of solid-state optical technology farther into the UV.
A novel hydrothermal technique was also established for the growth of
lanthanide sesquioxide (Ln2O3, Ln = Sc, Y, La-Lu) laser hosts having high
thermal conductivites. Because of the extremely refractory nature of these oxides
(m.p. > 2400 °C) traditional crystal growth techniques simply can not produce
crystals of suitable size and quality. Seeded hydrothermal growth of Sc2O3 and
Yb:Sc2O3 was successfully demonstrated at temperatures 1800 degrees below the
melting point of scandia.
industrial production.

Growth was again achieved at rates suitable for

Single crystals of Ln2O3 doped with other trivalent

lanthanides including Er, Ho and Tm were also synthesized hydrothermally and
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hold great promise as high average power laser materials emitting in the eye-safe
region.

In addition to their growth as large single crystals, lanthanide

sesquioxides were also synthesized as nanoscale powders using hydrothermally
synthesized precursors. The development of this technology holds great potential
in the field of transparent ceramic oxides, which require the use of ultra-high
purity oxide starting powders in their fabrication.

A scalable, reliable

hydrothermal route to LnO(OH) and Ln(OH)3 precursors was established and
recrystallization was permitted to attain the desired purity.

The thermal

decomposition behavior of the precursors to the oxide was also studied
extensively. Preliminary investigations produced oxide particles as small as 100
nm in size and offer an encouraging starting point for future studies in this area.
The work presented in the preceding chapters has demonstrated the
versatility of hydrothermal methods in materials chemistry and crystal growth.
New and advanced phase stability studies were performed using approaches not
so dissimilar from the geologists who pioneered the hydrothermal method. Novel
compounds were synthesized and their structures determined, offering new
insights into the crystal chemistry of a number of systems. New hydrothermal
synthetic routes were established for materials that possess useful properties, but
could not be synthesized conveniently using traditional methods. Finally, using
the chemistry described in this volume and a little bit of hydrothermal crystal
growth art, large, high quality single crystals were grown that can be studied by
scientists of all disciplines to advance solid-state optical technology.
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APPENDICES

Appendix A
Syntheses and Structures of Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH)
Introduction
One aspect that makes borate structures particularly interesting to study is
the noteworthy tendency of borates to crystallize in acentric space groups. The
percentage of acentric borate structures is over twice that of all reported inorganic
structures.1 A likely reason for this lies in the fact that the most basic structural
building blocks of borates, [BO3]3- and [BO4]5-, lack inversion symmetry
themselves. These polar building blocks can act as good starting points for
building acentric structures, since they simply need to pack in a fashion where the
polarity is aligned to impart non-centrosymmetry. Like boron, beryllium also
forms polar coordination environments with oxygen, though trigonal planar
environments are far less common for Be.2 Some well-known acentric materials
that have favorable NLO properties such as KBBF and SBBO discussed in
previous chapters are comprised of both borate and beryllate building blocks. In
an attempt to optimize the hydrothermal synthesis of Sr2Be2B2O7 and
Ba2Be2B2O7,

two

interesting

minor

products

have

been

isolated,

Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH). These novel hydrated berylloborates
are further examples of the interesting tendency borates have to crystallize
without a center of symmetry. The title compounds also exhibit interesting Be/B
disorder that will be discussed in its structural context.
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Syntheses and Crystal Structures
Crystals of the title compounds were obtained from hydrothermal
reactions in 0.25” o.d. welded silver ampoules at 565 °C using 1 M NaOH as a
mineralizer.

All starting materials were used as-received without further

purification. Starting materials for Sr3Be2B5O12(OH) (1) were 0.016 g (0.23
mmol) B2O3 (Aldrich, 99%), 0.061 g (0.23 mmol) Sr(OH)2·8H2O (Aldrich, 95%),
and 0.006 g (0.24 mmol) BeO (Alfa Aesar, 99%).

The starting charge for

Ba3Be2B5O12(OH) (2) consisted of 0.016 g (0.23 mmol) B2O3, 0.082 g (0.48
mmol) Ba(OH)2 (Aldrich, 98%), and 0.006 g (0.24 mmol) BeO. Clear, colorless,
block-like crystals of the title compounds were obtained as secondary products
(~5% yield) and physically separated from the primary products Sr2Be2B2O7 in
the case of compound 1 and BaBe2B2O6 in the case of compound 2.
A summary of selected crystallographic data for these compounds is listed
in Table A.1. The final R-indices for all data were R1 = 0.0314 and wR2 = 0.0801
for 1, and R1 = 0.0159 and wR2 = 0.0387 for 2. Both structures were determined
in the rhombohedral space group, R3m. This non-centrosymmetric space group is
confirmed by a low Flack parameter, particularly in the case of 2, where the value
of -0.02 is within one standard deviation of 0. The unit cell dimensions for 1 are:
a = 10.277(15) Å and c = 8.484(17) Å corresponding to a cell volume of 775.8
Å3. The analogous Ba compound, 2, possesses elongated axes of a = 10.5615(15)
Å and c = 8.8574(18) Å, leading to a larger volume of 855.6 Å3. PXRD patterns
simulated from the single crystal structure refinements were identical with
experimental patterns obtained from bulk samples of the respective materials.
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Table A.1
Crystallographic Data for Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH)

Empirical formula
Space group
a, Å
c, Å
V, Å3
Z
Formula weight
Density (calc), Mg/m3
Abs. coefficient, mm-1
Transmission Range
2θ range, deg
Reflns collected (R int)
Independent reflns
Observed reflns [I > 2σ(I)]
Final R-indices
(observed data)a
R-indices
(all data)
Goodness of fit on F2
Flack parameter
Largest diff. peak, e/Å3
Largest diff. hole, e/Å3
a

Sr3Be2B5O12(OH) (1)
R3m (no. 160)
10.2843(15)
8.4770(17)
776.5(2)
3
543.94
3.490
15.479
0.744-1.00
3.32-26.35
2486 (0.0465)
410
408
R1 = 0.0312
wR2 = 0.0799
R1 = 0.0314,
wR2 = 0.0801
1.122
0.37(3)
0.672
-0.863

R1 = [∑||F0| - |Fc||]/∑|F0|; wR2 = {[∑w[(F0)2 – (Fc)2]2]}1/2
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Ba3Be2B5O12(OH) (2)
R3m (no. 160)
10.5615(15)
8.8574(18)
855.6(2)
3
693.1
4.035
10.313
0.686-1.00
3.20-26.30
2785 (0.0269)
457
457
R1 = 0.0159
wR2 = 0.0387
R1 = 0.0159
wR2 = 0.0387
1.170
-0.02(4)
0.369
-1.000

The basic structural building block in the title compounds is a
[Be2B4O12(OH)]11- unit having three-fold symmetry, visible in the lower right
portion of the asymmetric unit shown in Figure A.1. The bond distances and
angles within the polyborate unit are nearly identical for both the Sr and Ba
compounds. It consists of three disordered Be/B-O tetrahedra and three triangular
planar borate groups. The nature of the disorder of the tetrahedral group is
discussed later. Of the 10 oxygen atoms present in the building block unit, only
three are unique. O(3) and O(4) comprise six and three of the oxygen atoms,
respectively. These are shared between the disordered tetrahedra and the borate
triangles in corner sharing fashion. In addition to this coordination, these oxygen
atoms each have two bonds to the larger alkaline earth metal (Ba or Sr) of the
structure. The remaining oxygen atom is O(1), located at the center of this
building block on the three-fold rotation axis. It acts as a central vertex for the
three corner sharing Be/B-O disordered tetrahedra.
A fourth coordination to O(1) exists with the hydrogen atom of the
structure, also located along the three-fold axis in the [001] direction. This
arrangement forms a triangular prism about O(1), with H at the apex and the three
disordered sites at the base points. This geometry can be inferred from Table A.2,
which lists selected bond distances and angles for both compounds. In both
structures, the location of the hydrogen atom was determined by examining both
the local geometries of the oxygen environments and the locations of residual
electron density.

The position of the hydrogen atom was restrained to an

idealized location to prevent the O-H bond distance from shortening beyond a
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Figure A.1: Extended asymmetric unit of Ba3Be2B5O12(OH).
(as 50% probability thermal ellipsoids)
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Table A.2
Selected Bond Distances (Å) and Angles (°) for Sr3Be2B5O12(OH) and
Ba3Be2B5O12(OH)

M(1)-O(2)0
M(1)-O(2)1,2
M(1)-O(3)3,4
M(1)-O(3)0,5
M(1)-O(4)5,6
B(1)-O(3)0,6
B(1)-O(4)0
B(2)-O(2)1,2,7
Be(1)/B(3)-O(1)0
Be(1)/B(3)-O(3)8,9
Be(1)/B(3)-O(4)0
O(1)-H(1)

Sr3Be2B5O12(OH) (1)
2.484(7)
2.644(5) x2
2.654(5) x2
2.820(5) x2
2.714(4) x2
1.368(6) x2
1.382(11)
1.321(7) x3
1.511(10)
1.572(8) x2
1.580(13)
0.936(11)

Ba3Be2B5O12(OH) (2)
2.571(5)
2.758(3) x2
2.825(3) x2
2.934(3) x2
2.851(3) x2
1.370(4) x2
1.384(7)
1.307(4) x3
1.545(6)
1.582(5) x2
1.567(9)
0.944(6)

O(3)-B(1)-O(3)6
O(4)-B(1)-O(3)0,6
O(2)1-B(2)-O(2)2,7
O(2)2-B(2)-O(2)7
O(1)-Be(1)/B(3)-O(4)0
O(1)-Be(1)/B(3)-O(3)8,9
O(3)8-Be(1)/B(3)-O(3)9
O(4)-Be(1)/B(3)-O(3)8,9
Be(1)/B(3)0,5,10-O(1)-H(1)
Be(1)/B(3)-O(1)-Be(1)/B(3) 5,10
Be(1)/B(3)5-O(1)- Be(1)/B(3)10

125.4(8)
117.2(4) x2
119.5(2) x2
119.5(2)
110.3(8)
110.4(5) x2
107.4(7)
109.2(5) x2
97.1(6) x3
118.5(3) x2
118.5(3)

123.0(5)
118.4(2) x2
119.74(9) x2
119.74(9)
110.1(6)
110.5(3) x2
107.1(5)
109.3(3) x2
92.0(4) x3
119.88(5) x2
119.88(5)

Symmetry Codes: 0x, y, z; 1 -x+y+1/3, -x+5/3, z-1/3; 2 -y+4/3, x-y+2/3, z-1/3; 3 x+1/3, y+2/3, z1/3; 4 x+1/3, x-y+2/3, z-1/3; 5 -y+1, x-y+1, z; 6 -y+1, -x+1, z; 7 x-2/3, y-1/3, z-1/3; 8 -x+y+2/3,
y+1/3, z+1/3; 9 -y+2/3, x-y+1/3, z+1/3; 10 -x+y, -x+1, z;
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reasonable length during subsequent refinements. The O-H bond distance here is
0.94(1) Å, which is similar to O-H bond distances in structure determinations of
other hydrated borates.3-8
The [Be2B4O12(OH)]11- units exist in layers perpendicular to the c-axis in
the unit cell. Any given building block is connected to six neighboring building
blocks, three each above (+c) and below (-c) it. This connectivity is achieved
through B(1) atoms that are bound to three oxygen atoms in a triangular planar
fashion. The boron atom bridges two O(3) atoms of one [Be2B4O12(OH)]11- unit to
one O(4) atom on a neighboring polyborate unit in the next higher layer along the
c-axis. This connection is repeated for all three BO3 groups that are included in
the [Be2B4O12(OH)]11- building block. These layers are best seen in Figure A.2,
which shows the connectivity from a central building block unit, viewed along
[001]. This bridging action among the building blocks gives rise to an extended
[Be2B4O9(OH)]3- framework in these materials. The acentric, polar nature of the
structure can be seen in the alignment of the Be/B tetrahedra of the building
blocks along the c-axis also in Figure A.2.
There is an additional orthoborate group that is isolated from the structural
building blocks just discussed. In this case, the boron atom B(2) is located on a
three-fold rotation axis, and possesses three bonds to O(2) atoms. This bonding
forms a triangular arrangement in the ab plane.

Like the tetrahedral site

previously mentioned, these BO3 groups are aligned with respect to each other,
causing a net polarity to be imparted in the ab plane. The B(2)-O(2) distances for
1 and 2 are 1.312(6) Å and 1.307(4) Å, respectively. These bond distances for
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Figure A.2: Borate framework of Sr3Be2B5O12(OH) and Ba3Be2B5O12(OH).
Top: viewed down [001]. Bottom: viewed slightly off [010].
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this borate group are slightly shorter than those about B(1) in this structure, as
well as average trigonal planar bond distances in other structures.9 It is evident
that the network of M-O (M = Ba, Sr) bonding holds the B(2) borate group rigidly
in place, directing the B-O bonds to be shorter than usual.
This planar borate group is shared by six symmetry related 9-coordinate
metal-oxygen polyhedra. For any given alkaline earth metal-oxygen polyhedron,
the bond distances range from 2.571(5) Å to 2.934(3) Å for Ba-O and 2.483(6) Å
to 2.813(4) Å for Sr-O bonds. The shortest M-O bonds of the 9 within the
coordination sphere are those that connect to the central borate triangle. The six
MO9 polyhedra connected to the central BO3 triangle form a staggered sandwich
about the triangular borate. Three polyhedra form a planar triad above (+c) the
borate group and are edge sharing with the BO3 triangle, while the other three
MO9 polyhedra form a planar triad below (-c) the borate group and are corner
sharing with it. Any given MO9 polyhedron is shared by two triads that comprise
neighboring staggered sandwiches.

This sharing leads to a 3-dimensional

framework consisting of MO9 polyhedra and BO3 triangles (Figure A.3).
Both the [Be2B4O9(OH)]3- and MO9 frameworks are centered on a threefold rotation axis and appear in alternating fashion when projected along that axis.
These frameworks are intertwined as the two networks share O(3) and O(4)
atoms. The hydrogen atom of O(1) extends toward the vacant area brought about
by the large spacing between the MO9 polyhedra of the triad below the B(2)
borate triangle.
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Figure A.3: Network of BaO9 polyhedra and B(2) borate triangles viewed just off
[001]. Ba atoms of the same shading are planar along the c-axis.
Lighter shaded Ba atoms are in planes along +c and darker Ba atoms along –c.
B(2) atoms are hatched gray circles and O(2) atoms are open circles.
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One of the interesting features of these crystal structures is a disordered
site involving substitution of B atoms for Be. Both Be and B have a strong
tendency to form tetrahedral oxyanion fragments.

Disorder involving these

elements in oxide systems has been documented in the crystal structures of the
naturally occurring minerals rhodizite,10 gadolinite,11 calcyberborosilicite,12
hyalotekite,13 and hingganite,14 and the synthetic materials Y2Al(BeB)O7 (1/2
occupancy)15 and Li14Be5B(BO3)9 (1/6 B occupancy).16
In the title compounds, 2/3 Be and 1/3 B occupancy is observed at the
disordered site. The degree of the disorder correlates nicely to the observed bond
distances to neighboring oxygen atoms. The site has a tetrahedral coordination to
oxygen atoms, with an average bond length of 1.57(1) Å. This falls almost exactly
2/3 of the way between accepted distances of 1.48 Å for 4-coordinate B and 1.63
Å for 4-coordinate Be atoms bound to oxygen.2, 9 Similar correlations between
interatomic distances and site occupancy have been observed in most of the above
cases, with Li14Be5B(BO3)9 the only exception. Because of their similarities in
scattering behavior, bond distance arguments are often the only way to determine
site occupancy for B/Be disorder. Since crystals of the title compounds were
grown in the absence of fluoride that could substitute for oxygen and result in
shorter bonds to Be, the observed bond distances can be attributed solely to 1/3 B
occupancy at the Be site. Most importantly, the disorder implied by these bond
distance observations satisfies the overall charge balance of the compounds. The
local environments of the oxygen atoms in the structure appear unsuitable to
support any additional hydrogen atom assignments beyond that previously
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discussed for O(1). With this consideration, charge balance can only be achieved
through this disordered model.
Infrared spectroscopy was used to confirm the geometries of borate groups
in these materials. Trigonal planar borates show absorption around 1250-1500 cm1

from asymmetric stretching vibrations and tetrahedral borates absorb at a

frequency of about 850-1100 cm-1 for structures that involve both 3 and 4coordinate boron.

Isolated trigonal planar borates tend to have stretching

vibrations at slightly lower frequencies (1200-1300 cm-1) than those previously
mentioned where both coordination environments are present in combination.17
The infrared spectrum of 1 in Figure A.4 is representative of these
materials and confirms the borate geometries of the asymmetric unit. The strong
band centered at 1345 cm-1 corresponds to the trigonal planar B(1)-O stretching
vibrations. It is possible that the contribution to this strong absorption at about
1220 cm-1 is due to stretching vibrations of the isolated trigonal planar borate
environment about B(2) or a B(1)-OH bending mode.18

The doublet peaks of

886 and 1010 cm-1 correspond to tetrahedral B(3)-O stretching vibrations that
arise from Be/B disorder at that tetrahedral site. The peaks in the 650-800 cm-1
range can likely be attributed to tetrahedral Be(1)-O stretching vibrations from
this same site.18 The IR spectrum also clearly confirms the presence of OH
groups in the material by the broad absorption peak centered around 3481 cm-1.
Since there is no peak at 1600-1700 cm-1 corresponding to the bending mode of
H2O, we conclude that OH is present as a structurally bound species rather than
crystallized water.
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Figure A.4: Infrared spectrum of Sr3Be2B5O12(OH).
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Conclusions
Two

new

acentric

berylloborates,

Sr3Be2B5O12(OH)

and

Ba3Be2B5O12(OH), have been synthesized hydrothermally and characterized using
x-ray diffraction and infrared spectroscopy. The acentric nature of the structure
arises from the aligned polarities of disordered BeO4 tetrahedra along the c-axis
and BO3 triangles in the ab plane. The disorder of B and Be at the tetrahedral site
also places these compounds in a unique class with a limited number of oxidebased members. These materials are good examples of how borate and beryllate
groups act as suitable building blocks for acentric structures via hydrothermal
synthesis.
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Appendix B
Tables of Fractional Atomic Coordinates

Table B.1
Fractional Atomic Coordinates of Ba2B5O9(OH)

Atom

x

y

z

Ba1
Ba2
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
B1
B2
B3
B4
B5
H10

0.49766 (4)
0.04695 (4)
0.3572 (5)
0.0107 (5)
0.1397 (5)
-0.2151 (5)
-0.0742 (5)
0.3290 (5)
-0.2620 (5)
0.6326 (5)
0.5629 (5)
0.5732 (5)
0.1668 (8)
-0.0536 (8)
-0.2091 (7)
-0.4381 (8)
0.5387 (7)
0.60486

0.15363 (3)
-0.01180 (3)
0.1508 (4)
0.2840 (4)
0.1913 (5)
0.3107 (4)
0.1881 (4)
-0.1305 (4)
0.1041 (4)
-0.0691 (4)
-0.3339 (4)
0.4574 (4)
0.1848 (6)
0.3099 (6)
0.2645 (6)
0.0445 (6)
-0.1735 (6)
0.50966

0.60612 (2)
0.77991 (2)
0.4001 (2)
0.8619 (2)
0.5157 (2)
0.9867 (2)
0.6396 (2)
0.6689 (2)
0.8770 (2)
0.7588 (2)
0.7194 (2)
0.6111 (2)
0.4226 (4)
1.0500 (4)
0.8897 (3)
0.8255 (4)
0.6915 (3)
0.55849
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Table B.2
Fractional Atomic Coordinates of Ba3B12O20(OH)2

Atom
Ba1
Ba2 (sof = 0.5)
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
B1
B2
B3
B4
B5
B6
H10

x

y

z

0.99895 (2)
1.00000
0.8209 (2)
1.0616 (2)
0.7797 (2)
0.7841 (2)
1.2486 (2)
1.0716 (2)
1.0433 (2)
0.9048 (2)
1.1048 (2)
0.7967 (2)
1.2100 (2)
0.6765 (3)
0.7048 (3)
0.8282 (3)
0.9784 (3)
0.7756 (3)
1.2318 (3)
0.87867

0.22546 (3)
0.00000
0.4147 (3)
0.3359 (3)
0.2098 (3)
0.0220 (3)
0.2241 (3)
0.5933 (3)
-0.1487 (3)
0.5772 (3)
0.1940 (3)
0.1977 (3)
-0.0122 (3)
0.0923 (5)
-0.1409 (5)
0.1534 (5)
0.7081 (5)
0.5931 (5)
0.1440 (5)
0.25298

0.62932 (1)
1.00000
1.0089 (2)
0.8864 (2)
0.4586 (2)
1.1140 (2)
0.7465 (2)
0.6197 (2)
0.7580 (2)
0.7388 (2)
0.4265 (2)
0.8531 (2)
0.3140 (2)
0.4454 (3)
1.1329 (3)
1.2010 (3)
0.6690 (3)
0.7345 (3)
0.4035 (3)
0.83451
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Table B.3
Fractional Atomic Coordinates of Ba2B7O12(OH)

Atom
Ba1
Ba2 (sof = 0.5)
Ba3 (sof = 0.5)
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
B1
B2
B3
B4
B5
B6
B7
H13

x

y

z

0.01002 (3)
0.00000
0.00000
0.0826 (4)
0.2583 (4)
0.1665 (3)
0.3053 (4)
-0.1541 (4)
-0.0832 (3)
-0.1660 (3)
0.1465 (3)
0.4059 (4)
0.2145 (4)
0.2497 (4)
-0.2563 (4)
-0.4183 (4)
0.2821 (6)
0.3520 (6)
0.1846 (6)
-0.0598 (6)
0.2521 (5)
0.2523 (6)
0.2194 (6)
-0.49610

0.28716 (2)
0.46174 (3)
0.03184 (3)
0.0372 (3)
0.0129 (3)
0.5087 (3)
0.6655 (3)
0.2357 (3)
0.3565 (3)
0.0841 (3)
0.4338 (3)
0.4003 (3)
0.3570 (3)
0.2320 (3)
0.3604 (3)
0.2593 (3)
0.5310 (4)
0.7501 (4)
0.5400 (4)
0.0050 (5)
0.3572 (5)
0.1313 (5)
0.2549 (4)
0.20973

0.47724 (1)
0.75000
0.75000
0.4434 (2)
0.3700 (2)
0.5011 (2)
0.5689 (2)
0.6927 (2)
0.6016 (2)
0.4286 (2)
0.3812 (2)
0.3789 (2)
0.2772 (2)
0.3884 (2)
0.7729 (2)
0.6766 (2)
0.5628 (3)
0.6211 (3)
0.4285 (3)
0.4184 (3)
0.3559 (3)
0.3464 (3)
0.2303 (3)
0.67120
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Table B.4
Fractional Atomic Coordinates of Ba3B6O11(OH)2

Atom

x

y

z

Ba1
Ba2
Ba3
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
B1
B2
B3
B4
B5
B6
H11
H12

0.26169 (6)
0.63726 (9)
-0.06194 (6)
0.1325 (12)
0.2620 (9)
0.9858 (9)
0.1130 (9)
-0.0791 (10)
-0.2231 (8)
0.8481 (9)
0.6543 (10)
-0.4194 (9)
0.4458 (8)
0.3095 (10)
0.5455 (9)
0.3384 (9)
0.1305 (16)
-0.0517 (13)
0.8065 (13)
-0.3858 (13)
0.445 (2)
0.2873 (14)
0.3168
0.5382

0.76644 (7)
0.85622 (7)
1.24994 (7)
1.0028 (10)
0.7166 (10)
0.7116 (10)
1.4161 (7)
1.5808 (9)
1.4791 (9)
0.8646 (10)
0.7724 (9)
1.2221 (9)
0.5302 (8)
1.0900 (10)
0.7359 (9)
0.4384 (10)
0.8121 (16)
1.5028 (15)
0.7434 (14)
1.3531 (12)
1.2593 (15)
1.5039 (16)
1.0454
0.6046

0.99318 (4)
0.70287 (6)
0.87775 (4)
0.6686 (6)
0.7438 (7)
0.6168 (7)
0.6919 (7)
1.0151 (6)
0.7042 (5)
0.9065 (6)
1.0734 (7)
0.7740 (7)
1.1494 (5)
0.8708 (6)
0.4826 (6)
0.8527 (6)
0.6754 (9)
0.6340 (10)
0.9956 (11)
0.6782 (8)
0.8681 (13)
0.7351 (10)
0.7930
0.4975
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Table B.5
Fractional Atomic Coordinates of LiBeSr2B3O8

Atom
Sr1
Sr2
O1
O2
O3
O4
O5
O6
O7
O8
B1
B2
B3
Be1
Li1

x

y

z

0.96525 (4)
0.64022 (4)
1.2928 (4)
0.3610 (3)
1.1148 (3)
1.1408 (3)
0.9404 (3)
0.5557 (3)
0.6557 (4)
0.6939 (3)
1.2617 (5)
1.0622 (5)
0.6008 (5)
0.6755 (6)
1.3671 (10)

0.10972 (6)
0.25577 (5)
0.1425 (4)
0.0719 (4)
0.2325 (4)
-0.0218 (5)
0.2377 (4)
0.4722 (5)
0.1904 (5)
-0.0105 (5)
0.2694 (7)
0.1519 (7)
0.0477 (7)
0.4292 (8)
0.2259 (12)

0.84183 (3)
0.57146 (3)
0.9399 (3)
0.5613 (2)
1.0411 (3)
0.6628 (3)
0.6505 (3)
0.7218 (2)
0.8772 (3)
0.7308 (3)
1.0139 (4)
0.6200 (4)
0.7948 (4)
0.8437 (5)
0.8257 (7)
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Table B.6
Fractional Atomic Coordinates of RbBe2BO3F2

Atom
Rb1
F1
O1
B1
Be1

x

y

z

sof

1.00000
0.66667
1.0266 (15)
0.33333
0.66667

1.00000
1.33333
1.66667
1.66667
1.33333

0.00000
0.0613 (3)
0.16667
0.16667
0.1391 (5)

0.16667
0.33333
0.50000
0.16667
0.33333
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Table B.7
Fractional Atomic Coordinates of CsBe2BO3F2

Atom
Cs1
F1
O1
B1
Be1

x

y

z

sof

0.00000
0.33333
0.3596 (6)
-0.33333
0.33333

0.00000
-0.33333
0.0262 (6)
0.33333
-0.33333

1.00000
0.93099 (12)
0.83333
0.83333
0.8594 (2)

0.16667
0.33333
0.50000
0.16667
0.33333
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Table B.8
Fractional Atomic Coordinates of TlBe2BO3F2

Atom
Tl1
F1
O1
B1
Be1

x

y

z

sof

0.33333
0.66667
0.308 (2)
0.00000
0.66667

0.66667
0.33333
0.00000
0.00000
0.33333

0.16667
0.1040 (6)
0.00000
0.00000
0.0265 (11)

0.16667
0.33333
0.50000
0.16667
0.33333
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Table B.9
Fractional Atomic Coordinates of Sr3Be2B5O12(OH)

Atom
Sr1
O1
O2
O3
O4
B1
B2
B3
Be1
H1

x

y

z

sof

0.61979 (8)
0.33333
0.8520 (8)
0.4269 (5)
0.4377 (4)
0.5123 (5)
0.33333
0.4175 (6)
0.4175 (6)
0.33333

0.80989 (4)
0.66667
0.9260 (4)
0.3367 (6)
0.5623 (4)
0.4877 (5)
0.66667
0.5825 (6)
0.5825 (6)
0.66667

0.79818 (12)
1.1747 (13)
0.9604 (10)
0.8993 (5)
0.9710 (9)
0.9263 (11)
0.6159 (19)
1.1525 (13)
1.1525 (13)
1.28510

0.50000
0.16667
0.50000
1.00000
0.50000
0.50000
0.16667
0.16667
0.33333
0.16667
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Table B.10
Fractional Atomic Coordinates of Ba3Be2B5O12(OH)

Atom
Ba1
O1
O2
O3
O4
B1
B2
B3
Be1
H1

x

y

z

sof

0.62507 (3)
0.33333
0.8573 (5)
0.4343 (3)
0.4443 (2)
0.5158 (3)
0.33333
0.4178 (3)
0.4178 (3)
0.33333

0.81253 (2)
0.66667
0.9287 (2)
0.3377 (3)
0.5557 (2)
0.4842 (3)
0.66667
0.5822 (3)
0.5822 (3)
0.66667

0.79829 (5)
1.1440 (7)
0.9618 (7)
0.8879 (4)
0.9697 (5)
0.9183 (8)
0.6209 (12)
1.1379 (9)
1.1379 (9)
1.25000

0.50000
0.16667
0.50000
1.00000
0.50000
0.50000
0.16667
0.16667
0.33333
0.16667
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